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Fore\vord 


HE  rapid  evolution  of  constructive  methods  in  recent 
:f> ,  years,  as  illustrated  in  the  use  of  steel  and  concrete, 
and  the  increased  size  and  complexity  of  building's, 
has  created  the  necessity  for  an  authority  which  shall 
embody  accumulated  experience  and  approved  practice  along  a 
variety  of  correlated  lines.  The  Cyclopedia  of  Architecture, 
Carpentry,  and  Building  is  designed  to  till  this  acknowledged 
need. 

C  There  is  no  industry  that  compares  with  Building  in  the 
close  interdependence  of  its  subsidiary  trades.  The  Architect, 
for  example,  who  knows  nothing  of  Steel  or  Concrete  con- 
struction is  today  as  much  out  of  place  on  important  work 
as  the  Contractor  who  cannot  make  intelligent  estimates,  or  who 
understands  nothing  of  his  legal  rights  and  responsibilities.  A 
carpenter  must  now"  know  something  of  Masonry,  Electric  Wiring, 
and,  in  fact,  all  other  trades  employed  in  the  erection  of  a  build- 
ing; and  the  same  is  true  of  all  the  craftsmen  whose  handiwork 
will  enter  into  the  completed  structure. 

C  Neither  pains  nor  expense  have  Ijeen  spared  to  make  the 
present  work  the  most  comprehensive  and  authoritative  on  the 
subject  of  Building  and  its  allied  industries.  The  aim  has  been, 
not  merely  to  create  a  work  which  will  appeal  to   the  trained 


expert,  but  one  tliat  will  commend  itself  also  to  the  beginner 
unci  the  self-taught,  practical  man  b^^  giving  him  a  working 
knowledge  of  the  principles  and  methods,  not  only  of  his  own 
particular  trade,  but  of  all  other  branches  of  the  Building  Indus- 
try as  well.  The  various  sections  have  been  prepared  especially 
for  home  study,  each  w^'itten  by  an  acknowledged  authority  on 
the  subject.  The  arrangement  of  matter  is  such  as  to  carry  the 
student  forward  by  easy  stages.  Series  of  review  questions  are 
inserted  in  each  volume,  enabling  the  reader  to  test  his  knowl- 
edge and  make  it  a  permanent  possession.  The  illustrations  have 
been  selected  with  unusual  care  to  elucidate  the  text. 

^  The  work  will  be  found  to  cover  many  important  topics  on 
which  little  information  has  heretofore  been  available.  This  is 
especially  apparent  in  such  sections  as  those  on  Steel,  Concrete, 
and  Reinforced  Concrete  Construction;  Building  Superintendence; 
Estimating;  Contracts  and  Specifications,  including  the  princi- 
ples and  methods  of  awarding  and  executing  Government  con- 
tracts; and  Building  Law. 

C  The  Cyclopedia  is  a  compilation  of  many  of  the  most  valu- 
able Instruction  Papers  of  the  American  School  of  Correspond- 
ence, and  the  method  adopted  in  its  preparation  is  that  which  this 
School  has  developed  and  emploj^ed  so  successfully  for  many  years. 
This  method  is  not  an  experiment,  but  has  stood  the  severest  of  all 
tests — that  of  practical  use — which  has  demonstrated  it  to  be  the 
best  yet  devised  for  the  education  of  the  busy  working  man. 

C..  In  conclusion,  grateful  acknowledgment  is  due  the  staff  of 
authors  and  collaborators,  without  whose  hearty  co-operation 
this  work  would  have  been  impossible. 
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SIMPLE  STRESS. 

1.  Stress.  When  forces  are  applied  to  a  body  they  tend  in  a 
greater  or  less  degree  to  break  it.  Preventing  or  tending  to  pre- 
vent the  rupture,  there  arise,  generally,  forces  between  every  two 
adjacent  parts  of  the  body.  Thus,  when  a 
load  is  suspended  by  means  of  an  iron  rod, 
the  rod  is  subjected  to  a  downward  pull  at 
its  lower  end  and  to  an  upward  pull  at  its 
upper  end,  and  these  two  forces  tend  to  pull 
it  apart.  At  any  cross-section  of  the  rod 
the  iron  on  either  side  "holds  fast"  to  that  on 
the  other,  and  these  forces  which  the  parts 
of  the  rod  exert  upon  each  other  prevent 
the  tearing  of  the  rod.  For  example,  in  Fig. 
1,  let  a  represent  the  rod  and  its  suspended 
load,  1,000  pounds;  then  the  pull  on  the 
lower  end  equals  1,000  pounds.  If  we  neg- 
lect the  weight  of  the  rod,  the  pull  on  the 
upper  end  is  also  1,000  pounds,  as  shown  in 
Fig,  1  (J) ;  and  the  upper  part  A  exerts 
on  the  lower  part  B  an  upward  pull  Q  equal 
to  1,000  pounds,  while  the  lower  part  exerts 
on  the  upper  a  force  P  also  equal  to  1,000  pounds.  These  two 
forces,  P  and  Q,  prevent  rupture  of  the  rod  at  the  "section"  C;  at 
any  other  section  there  are  two  forces  like  P  and  Q  preventing 
rupture  at  that  section. 

By  stress  at  a  section  of  a  body  is  meant  the  force  which  the 
part  of  the  body  on  either  side  of  the  section  exerts  on  the  other. 
Thus,  the  stress  at  the  section  C  (Fig.  1)  is  P  (or  Q),  and  it  equals 
1,000  pounds. 

2.  Stresses  are  usually  expressed  (in  America)  in  pounds, 
sometimes  in  tons.     Thus  tlie  stress  P  in  the  preceding  article  is 
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Fig.  1. 
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1,000  pounds,  or  -I  ton.     Notice  that  this  value  has  nothing  to  do 
with  the  size  of  the  cross-section  on  which  the  stress  acts. 

3.  Kinds  of  Stress,  (a)  "When  the  forces  acting  on  a  body 
(as  a  rope  or  rod)  are  such  that  they  tend  to  tear  it,  the  stress  at 
any  cross- section  is  called  a  tension  or  a  tensile  stress.  The 
stresses  P  and  Q,  of  Fig.  1,  are  tensile  stresses.  Stretched  ropes, 
loaded  "tie  rods"  of  roofs  and  bridges,  etc.,  are  under  tensile  stress. 
(b.)      When  the  forces  acting  on  a  body  (as  a  short  post,  brick, 

etc.)  are  such  that  they  tend  to 
I  crush  it,  the  stress  at  any  sec- 

*■     tion  at  right  angles  to  the  di- 
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Fig.  2. 


rection  of  the  crushing  forces  is 
called  a  jpressure  or  a  compres- 
sive stress.  Fig.  2  {^a^  repre- 
sents a  loaded  post,  and  Fig.  2 
(/>)  the  upper  and  lower  parts. 
The  upper  part  presses  down  on 
B,  and  the  lower  part  presses  up 
on  A,  as  shown.  P  or  Q  is 
the  compressive  stress  in  the 
post  at  section  C.  Loaded  posts, 
or  struts,  piers,  etc.,  are  under 
compressive  stress. 

(c.)  When  the  forces  acting 
on  a  body  (as  a  rivet  in  a  bridge 
joint)  are  such  that  they  tend  to  cut  or  "  shear  "  it  across,  the  stress 
at  a  section  along  which  there  is  a  tendency  to  cut  is  called  a  shear 
or  a  shearing  stress.  This  kind  of  stress  takes  its  name  from  the 
act  of  cutting  with  a  pair  of  shears.  In  a  material  which  is  being 
cut  in  this  way,  the  stresses  that  are  being  "  overcome  "  are  shear- 
ing stresses.  Fig.  3  («)  represents  a  riveted  joint,  and  Fig.  3  (h) 
two  parts  of  the  rivet.  The  forces  applied  to  the  joint  are  such 
that  A  tends  to  slide  to  the  left,  and  B  to  the  right;  then  B  exerts 
on  A  a  force  P  toward  the  right,  and  A  on  B  a  force  Q  toward  the 
left  as  shown.     P  or  Q  is  the  shearing  stress  in  the  rivet. 

Tensions,  Compressions  and  Shears  are  called  simple  stresses. 
T^orces  may  act  upon  a  body  so  as  to  produce  a  combination  of  simple 
stresses  on  some  section;  such  a  combination  is  called  a  complex 
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stress.   The  stresses  in  beams  are  usually  complex.    There  are  other 
terms  used  to  describe  stress;  thej  will  be  defined  farther  on. 

4.  Unit=Stress.  It  is  often  necessary  to  specify  not  merely 
the  amount  of  the  entire  stress  which  acts  on  an  area,  but  also  the 
amount  which  acts  on  each  unit  of  area  (square  inch  for  example). 
By  unit-stress  is  meant  stress  per  unit  area. 

To  find  the  value  of  a  unit-stress:  Divide  the  xohole  stress  hy 
the  whole  area  of  the  section  on  which  it  acts,  or  over  which  it  is 
distributed.     Thus,  let 

P  denote  the  value  of  the  whole  stress, 

A  the  area  on  which  it  acts,  and 

S  the  value  of  the  unit-stress;  then 

S=-^,  alsoP^AS.  (l) 

Strictly  these  formulas  apply  only  when  the  stress  P  is  uniform. 


-[ 


}- 


Fig.  3. 

that  is,  when  it  is  uniformly  distributed  over  the  area,  each  square 
inch  for  example  sustaining  the  same  amount  of  stress.  When 
the  stress  is  not  uniform,  that  is,  when  the  stresses  on  different 
square  inches  are  not  equal,  then  P^A  equals  the  average  value 
of  the  unit-stress. 

5.  Unit-stresses  are  usually  expressed  (in  America)  in 
pounds  per  square  inch,  sometimes  in  tons  per  square  inch.  If 
P  and  A  in  equation  1  are  expressed  in  pounds  and  square 
inches  respectively,  then  S  will  be  in  pounds  per  square  inch;  and 
if  P  and  A  are  expressed  in  tons  and  square  inches,  S  will  be  in 
tons  per  square  inch. 

ExampVes.  1.  Suppose  that  the  rod  sustaining  the  load  in 
Fig.  1  is  2  square  inches  in  cross-section,  and  that  the  load  weighs 
1.000  pounds.     What  is  the  value  of  the  unit-stress  ? 
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Here  P  =  1,000  pounds,  A=  2  square  inches;  hence. 

S  =  -^ —  =  500  pounds  per  square  inch. 

2.  Suppose  that  the  rod  is  one-half  square  inch  in  cross-sec- 
tion.   ."Wliat  is  the  value  of  the  unit-stress  ? 

A  =  "T-square  inch,  and,  as  before,  P=:  1,000  pounds;  hence 

S  =  1,000^ — ;^  =  2,000  pounds  per  square  inch. 

Notice  that  one  must  always  divide  the  whole  stress  by  the  area  to  get 
the  unit-stress,  whether  the  area  is  greater  or  less  than  one. 

6.  Deformation.  "Whenever  forces  are  applied  to  a  body  it 
changes  in  size,  and  usually  in  shape  also.  This  change  of  size 
and  shape  is  called  deformation.  Deformations  are  usually  meas- 
ured in  inches;  thus,  if  a  rod  is  stretched  2  inches,  the  "elonga- 
tion"=  2  inches. 

7.  Unit-Deformation.  It  is  sometimes  necessary  to  specify 
not  merely  the  value  of  a  total  deformation  but  its  amount  per 
unit  length  of  the  deformed  body.  Deformation  per  unit  length 
of  the  deformed  body  is  called  unit-deformation. 

To  find  the  value  of  a  unit-deformation:     Divide   tlie  whole 
deformation  ly  the  length  ovet^  which  it  is  distrilnited .     Thus,  if 
D  denotes  the  value  of  a  deformation, 
I    the  leno-th, 
s    the  unit-deformation,  then 

s=^—j-,  also  J)=ls.  (2) 

Both  D  and  I  should  always  be  expressed  in  the  same  unit. 

Exainjple,  Suppose  that  a  4-foot  rod  is  elongated  \  inch. 
What  is  the  value  of  the  unit-deformation? 

Here  D;=^  inch,  and  Z=4  feet=48  inches; 
hence  .9=|;-f-48=-Jg-  inch  per  inch. 
That  is,  each  inch  \s  elongated  -^^  inch. 

Unit-elonigatious  are  sometimes  expressed  in  per  cent.  To 
express  a-»  elongation  in  per  cent:  Divide  the  elongation  in  inches 
iy  the  original  length  in  inches^  and  multijply  ly  100. 

8.  Elasticity.  Most  solid  bodies  when  deformed  will  regain 
more  or  less  completely  their  natural  size  and  shape  when  the  de- 
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forming  forces  cease  to  act.      This  property  of  regaining  size  and 
shape  is  called  elasticity. 

We  may  classify  bodies  into  kinds  depending  on  the  degree 
of  elasticity  which  they  have,  thus : 

1.  Perfectly  elastio  bodies;  these  will  regain  their  orig- 
inal form  and  size  no  matter  how  large  the  applied  forces  are  if 
less. than  breaking  values.  Strictly  there  are  no  such  materials, 
but  rubber,  practically,  is  perfectly  elastic. 

2.  Imperfectly  elastic  bodies;  these  will  fully  regain  their 
original  form  and  size  if  the  applied  forces  are  not  too  large,  and 
practically  even  if  the  loads  are  large  but  less  than  the  breaking 
value.     Most  of  the  constructive  materials  belong-  to  this  class. 

3.  Inelastic  ov plastic  \)Q(Si<d's.\\hQ'&Q  will  not  regain  in  the 
least  their  original  form  when  the  applied  forces  cease  to  act.  Clay 
and  putty  are  good  examples  of  this  class. 

9.  Hooke's  Law,  and  Elastic  Limit.  If  a  gradually  increas- 
ing force  is  applied  to  a  perfectly  elastic  material,  the  deformation 
increases  proportionally  to  the  force;  that  is,  if  P  and  P'  denote 
two  values  of  the  force  (or  stress),  and  D  and  D'  the  values  of  the 
deformation  produced  by  the  force, 

thenP:F::D:D'. 

This  relation  is  also  true  for  imperfectly  elastic  materials, 
provided  that  the  loads  P  and  P'  do  not  exceed  a  certain  limit  depend- 
ing on  the  material.  Beyond  this  limit,  the  deformation  increases 
much  faster  than  the  load;  that  is,  if  within  the  limit  an  addition 
of  1,000  pounds  to  the  load  produces  a  stretch  of  0.01  inch,  beyond 
the  limit  an  equal  addition  produces  a  stretch  larger  and  usually 
much  larger  than  0.01  inch. 

o 

Beyond  this  limit  of  proportionality  a  part  of  the  deformation 
is  permanent;  that  is,  if  the  load  is  removed  the  body  only  partially 
recovers  its  form  and  size.  The  permanent  part  of  a  deformation 
is  called  set. 

The  fact  that  for  most  materials  the  deformation  is  propor- 
tional to  the  load  within  certain  limits,  is  known  as  Ilooke's  Law. 
The  unit-stress  within  which  Ilooke's  law  holds,  or  above  which 
the  deformation  is  not  proportional  to  the  load  or  stress,  is  called 
elastic  litnit. 
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10.  Ultimate  Strength.  By  ultimate  tensile,  compressive, 
or  shearing  strength  of,  a  material  is  meant  the  greatest  tensile, 
compressive,  or  shearing  unit-stress  which  it  can  withstand. 

As  before  mentioned,  when  a  material  is  subjected  to  an  in- 
creasing load  the  deformation  increases  faster  than  the  load  beyond 
the  elastic  limit,  and  much  faster  near  the  stage  of  rupture.  JSTot 
only  do  tension  bars  and  compression  blocks  elongate  and  shorten 
respectively,  but  their  cross-sectional  areas  change  also;  tension 
bars  thin  down  and  compression  blocks  "swell  out"  more  or  less. 
The  value  of  the  ultimate  strength  for  any  material  is  ascertained 
by  subjecting  a  specimen  to  a  gradually  increasing  tensile,  com- 
pressive, or  shearing  stress,  as  the  case  may  be,  until  rupture  oc- 
curs, and  measuring  the  greatest  load.  The  hreaking  load  divided 
hy  the  area  of  the  original  cross-section  sustaining  the  stress^  is  the 
value  of  the  ^iltlinate  strength. 

Example.  Suppose  that  in  a  tension  test  of  a  wrought-iron 
rod  -|  inch  in  diameter  the  greatest  load  was  12,540  pounds.  What 
is  the  value  of  the  ultimate  strength  of  that  grade  of  wrought  iron? 

The  original  area  of  the  cross -section  of  the  rod  was 
0.7854  (diameter)'=0.7854X  J=0.1964  square  inches;  hence 
the  ultimate  strength  equals 

12,540^-0.1964=63,850  pounds  per  square  inch,  (nearly). 

11.  Stress=Deformation  Diagram.  A  "test"  to  determine 
the  elastic  limit,  ultimate  strength,  and  other  information  in  re- 
gard  to  a  material  is  conducted  by  applying  a  gradually  increasing 
load  until  the  specimen  is  broken,  and  noting  the  deformation  cor- 
responding to  many  values  of  the  load.  The  first  and  second  col- 
umns of  the  following  table  are  a  record  of  a  tension  test  on  a  steel 
rod  one  inch  in  diameter.  The  numbers  in  the  first  column  are 
the  values  of  the  pull,  or  the  loads,  at  which  the  elongation  of 
the  specimen  was  measured.  The  elongations  are  given  in  the  sec- 
ond column.  The  numbers  in  the  third  and  fourth  columns  are 
the  values  of  the  unit-stress  and  unit-elongation  corresponding  to 
the  values  of  the  load  opposite  to  them.  The  numbers  in  the 
third  column  were  obtained  from  those  in  the  first  by  dividing 
the  latter  by  the  area  of  the  cross-section  of  the  rod,  0.7854 
square  inches.     Thus, 

3,930-^0.7854=5,000 
7,850^0.7854=10,000,  etc. 
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1 

Total  Pull 
in  pounds,  P 

Deformation 
in  inches,  D 

Unit-Stress  in 

pounds  per 
square  inch,  S 

Unit-_ 

Deformation, 

s 

3930 

0.00136 

5000 

0.00017 

7850 

.00280 

10000 

.00035 

11780 

.00404 

15000 

.00050 

15710 

.00538 

20000 

.00067 

19635 

.00672 

25000 

.00084 

23560 

.00805 

30000 

.00101 

27490 

.00942 

35000 

.00118 

31415 

.01080 

40000 

.00135 

35345 

.01221 

45000 

.00153 

39270 

.0144 

5(3000 

.00180 

43200 

.0800 

55000 

.0100 

47125 

.1622 

60000 

.0202 

51050 

.201 

65000 

.0251 

54980 

.281 

70000 

.0351 

58910 

.384 

75000 

.048 

62832 

.560 

80000 

.070 

65200 

1.600 

83000 

.200 

The  numbers  in  the  fourth  column  were  obtained  by  dividing 
those  in  the  second  by  the  length  of  the  specimen  (or  rather  the 
length  of  that  part  whose  elongation  was  measured),  8  inches. 
Thus, 


0.0013G- 

.00280- 


=  0.00017, 

=    .00035,  etc. 


Looking;  at  the  first  two  columns  it  will  be  seen  that  the  elonga- 
tions  are  practically  proportional  to  the  loads  up  to  the  ninth  load, 
the  increase  of  stretch  for  each  increase  in  load  being  about  0.00135 
inch;  but  beyond  the  ninth  load  the  increases  of  stretch  are  much 
greater.  Hence  the  elastic  limit  was  reached  at  about  the  ninth 
load,  and  its  value  is  about  45,000  pounds  per  square  inch.  The 
greatest  load  was  65,200  pounds,  and  the  corresponding  unit-stress, 
83^000  pounds  per  square  inch,  is  the  ultimate  strength, 

i^^  early  all  the  information  revealed  by  such  a  test  can  be 
well  represented  in  a  diagram  called  a  stress-deformation  diagram. 
It  is  made  as  follows :  Lay  off  the  values  of  the  unit-deformation 
(fourth  column)  along  a  horizontal  line,  according  to  some  con- 
venient scale,  from  some  fixed  point  in  the  line.  At  the  ]3oint3  on 
the  horizontal  line  representing  the  various  unit-elongations,  lay 
off  perpendicular  distances  equal  to  the  corresponding  unit-stresses. 
Then  connect  by  a  smooth  curve  the  upper  ends  of  all  those  dis- 
tances, last  distances  laid  off.     ThuSj  for  instance,  the  highest  unit- 
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elongation  (0.20)  laid  off  from  o  (Fig.  4)  fixes  the  point  «,  and  a 
perpendicular  distance  to  represent  the  highest  unit-stress  (83,000) 
fixes  the  point  h.  All  the  points  so  laid  off  give  the  curve  och.  The 
part  oc^  within  the  elastic  limit,  is  straight  and  nearly  vertical 
while  the  remainder  is  curved  and  more  or  less  horizontal,  especially 
toward  the  point  of  rupture  h.  Fig,  5  is  a  typical  stress-defor- 
mation diagram  for  timber,  cast  iron,  wrought  iron,  soft  and  hard 
steel,  in  tension  and  compression. 

12.  Working  Stress  and  Strength,  and  Factor  of  Safety. 
The  greatest  unit-stress  in  any  part  of  a  structure  when  it  is  sus- 
taining; its  loads  is  called  the 
worJdng  stress  of  that  part.  If 
it  is  under  tension,  compression 
and  shearing  stresses,  then  the 
corresponding  highest  unit- 
stresses  in  it  are  called  its  work- 
inor  stress  in  tension,  in  com- 
pression,  and  in  shear  respect- 
ively; that  is,  we    speak  of  as 

-r^.      ,  many  workino;  stresses  as  it  has 

Fig.  4.  . 

kinds  of  stress. 

By  working  strength  of  a  material  to  be  used  for  a  certain 

purpose  is   meant  the  highest  unit-stress  to  which   the  material 

ought  to  be  subjected  when  so  used.     Each  material  has  a  workincr 

strength  for  tension,  for  compression,  and  for  shear,  and  they  are  in 

general  different. 

^^  factor  of  safety  is  meant  the  ratio  of  the  ultimate  strength 

of  a  material  to  its  working  stress  or  strength.     Thus,  if 

S^  denotes  ultimate  strength, 

S^  denotes  working  stress  or  strength,  and 

y  denotes  factor  of  safety,  then 

/  =  |i;alsoS.  =  |;.  (3) 

w  J 

When  a  structure  which  has  to  stand  certain  loads  is  about 
to  be  designed,  it  is  necessary  to  select  working  strengths  or  fac- 
tors of  safety  for  the  materials  to  be  used.  Often  the  selection  is 
a  matter  of  great  importance,  and  can  be  wisely  performed  only 
by  an  experienced  engineer,  for  this  is  a  matter  where  hard-and- 
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11 


fast  rules  should  not  govern  but  rather  the  judgment  of  the  expert. 
But  there  are  certain  principles  to  be  used  as  guides  in  makincr  a 
selection,  chief  among  which  are: 

1.  The  working  strength  should  be  considerably  below  the 
elastic  limit.  (Then  the  deformations  will  ba  small  and  not  per- 
manent.) 
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Fig.  5.     (After  Johnson.) 

2.  The  working  strength  should  be  smaller  for  parts  of  a 
structure  sustaining  varying  loads  than  for  those  whose  loads  are 
steady.  (Actual  experiments  have  disclosed  the  fact  that  the 
strength  of  a  specimen  depends  on  the  kind  of  load  put  upon  it, 
and  that  in  a  general  way  it  is  less  the  less  steady  the  load  is.) 

3.  The  workino;  streno;th  must  be  taken  low  for  non-uniform 
material,   where  poor  workmanship  may  be  expected,  when  the 


19 


12 


STRENGTH  OF  MATERIALS 


loads  are  uncertain,  etc.  Principles  1  and  2  have  been  reduced 
to  figures  or  formulas  for  many  particular  cases,  but  the  third  must 
remain  a  subject  for  display  of  judgment,  and  even  good  guessing 
in  many  cases. 

The  following  is  a  table  of  factors  of  safety*  which  will  be 
used  in  the  problems: 

Factors  of  Safety. 


Materials. 

For  steady 

stress. 
(Buildings.) 

For  varying 

stress. 
(Bridges.) 

For  shocks. 
(Machines.) 

Timber 

Brick  and  stone 
Cast  iron 
Wrought  iron 
Steel 

8 
15 
6 
4 
5 

10 
25 
15 

6 

7 

15 
30 
20 
10 
15 

They  must  be  regarded  as  average  values  and  are  not  to  be 
adopted  in  every  case  in  practice. 

Examples.  1.  A  wrought-iron  rod  1  inch  in  diameter  sus- 
tains a  load  of  30,000  pounds.  "VYhat  is  its  working  stress?  If 
its  ultimate  strength  is  50^000  pounds  per  square  inch,  what  is 
its  factor  of  safety  ? 

The  area  of  the  cross -section  of  the  rod  equals  0.7854  X  (diam- 
eter)-=0.7854  X  1^=0.7854  square  inches.  Since  the  whole  stress 
on  the  cross-section  is  30,000  pounds,  equation  1  gives  for  the 
unit  workincr  stress 

o 

^^       30,000       ^,,  ,^^  ,  .     , 

S  =  ,    ',  ^  ■  =  38,197  pounds  per  square  inch. 
0.78o4  '         -^  ^        ^ 

Equation  3  gives  for  factor  of  safety 

50,000  _ 

•^^  38,197 

2.     How  large  a  steel  bar  or  rod  is  needed  to  sustain  a  steady 

pull  of  100,000  pounds  if  the  ultimate  strength  of  the  material  is 

65,000  pounds  ? 

The  load  being  steady,  we  use  a  factor  of  safety  of  5  (see  table 

above);  hence  the  working  strength  to  be  used  (see  equation  3)  is 

Af  Ann 
S  = — ^p — =  13,000  pounds  per  square  inch, 
o 

The  proper  area  of  the  cross -section  of  the  rod  can   now   be  com- 

puted  from  equation   1  thus: 

*Taken  from  Merriman's  "Mechanics  of  Materials." 
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A  =  |=^"  =  7.692  square  inches. 

A  bar  2X4  inches  in  cross-section  would  be  a  little  stronger 
than  necessary.  To  find  the  diameter  (<^)  of  a  round  rod  of  suffi- 
cient strength,  we  write  0.7854  cV  =  7.692,  and  solve  the  equation 
iord;  thus: 

d'  =  ^^^^=  9.794,  or  f^  =  3.129  inches. 

3.  How  large  a  steady  load  can  a  short  timber  post  safely  sus- 
tain if  it  is  10x10  inches  in  cross-section  and  its  ultimate  com- 
pressive strength  is  10,000  pounds  per  square  inch  ? 

According  to  the  table  (page  12)  the  proper  factor  of  safety  is 
8  and  hence  the  working  strength  according  to  equation  3  is 

^       10,000       ,  o^A  ^  •     -u 

S  =  — j- — ■  =  l,2o0  pounds  per  square  inch. 

Tbe  area  of  the  cross-section  is  100  square  inches;  hence  the  safe 
load  (see  equation  1)  is 

P  =  100  X  1,250  =  125,000  pounds. 

4.  When  a  hole  is  punched  through  a  plate  the  shearing 
strength  of  the  material  has  to  be  overcome.  If  the  ultimate  shear- 
ing strength  is  50,000  pounds  per  square  inch,  the  thickness  of  the 
plate  -I  inch,  and  the  diameter  of  the  hole  |-  inch,  what  is  the  value 
of  the  force  to  be  overcome  ? 

The  area  shorn  is  that  of  the  cylindrical  surface  of  the  hole 
or  the  metal  punched  out;  that  is 

3.1416  X  diameter  X  thickness  =  3.1416  x  |  X  A  =  1.178  sq.  in. 
Hence,  by  equation  1,    the  total  shearing  strength  or  resistance 
to  punching  is 

P  =  1.178  X  50,000  =  58,900  pounds. 

STRENGTH  OF  MATERIALS  UNDER  SIMPLE  5TRESS. 

i3.  Materials  in  Tension.  Practically  the  only  materials 
used  extensively  under  tension  are  timber,  wrought  iron  and  steel, 
and  to  some  extent  cast  iron. 

14.  Timber.  A  successful  tension  test  of  wood  is  difficult, 
as  the  specimen  usually  crushes  at  the  ends  when  held  in  the  test- 
intr  machine,  splits,  or  fails  otherwise  than  as  desired.     Hence  the 
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tensile  strengths  of  woods  are  not  well  known,  but  the  following 

may   be   taken  as   approximate   average    values    of    the    ultimate 

strengths  of  the  woods  named,  when  "dry  out  of  doors." 

Hemlock,  7,000  pounds  per  square  inch. 

White  pine,  8,000 

Yellow  pine,  long  leaf,  12,000 

"  "   ,  short  leaf,  10,000  " 

Douglas  spruce,  10,000  " 

White  oak,  12,000 

Red  oak,  9,000  " 

15.  Wrought  Iron.  The  process  of  the  manufacture  of 
wrought  iron  gives  it  a  "grain,"  and  its  tensile  strengths  along  and 
across  the  grain  are  unequal,  the  latter  being  about  three-fourths 
of  the  former.  The  ultimate  tensile  strencrth  of  wrought  iron 
along  the  grain  varies  from  45,000  to  55,000  pounds  per  square 
inch.  Strength  along  the  grain  is  meant  when  not  otherwise 
stated. 

The  strength  depends  on  the  size  of  the  piece,  it  being  greater 
for  small  than  for  large  rods  or  bars,  and  also  for  thin  than  for 
thick  plates.  The  elastic  limit  varies  from  25,000  to  40,000 
pounds  per  square  inch,  depending  on  the  size  of  the  bar  or  plate 
even  more  than  the  ultimate  strength.  "Wrought  iron  is  very 
ductile,  a  specimen  tested  in  tension  to  destruction  elongating  from 
5  to  25  per  cent  of  its  length. 

16.  Steel.  Steel  has  mote  or  less  of  a  grain  but  is  practically 
^f  the  same  strength  in  all  directions.  To  suit  different  purposes, 
steel  is  made  of  various  grades,  chief  among  which  may  be  men- 
tioned rivet  steel,  sheet  steel  (for  boilers),  medium  steel  (for 
bridges  and  buildings),  rail  steel,  tool  and  spring  steel.  In  general, 
these  grades  of  steel  are  hard  and  strong  in  the  order  named,  the 
ultimate  tensile  strength  ranging  from  about  50,000  to  160,000 
pounds  per  square  inch. 

There  are  several  grades   of  structural  steel,  which  may  be 
described  as  follows:* 
1.     Rivet  steel: 

Ultimate  tensile  strength,  48,000  to  58,000  pounds  per  square  inch. 
Elastic  limit,  not  less  than  one-half  the  ultimate  strength. 
Elongation,  2G  per  cent. 
Bends  180  degrees  flat  on  itself  without  fracture. 


*Taken  from  "  Manufacturer's  Standard  Specifications." 
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2.  Sort  steel: 

Ultimate  tensile  strength,  52,000  to  62,000  pounds  per  squai'e  inch. 
Elastic  linait,  not  less  than  one-half  the  ultimate  strength. 
Elongation,  25  per  cent. 
Bends  180  degrees  flat  on  itself. 

3.  Medium  steel: 

Ultimate  tensile  strength,  60,000  to  70,000  pounds  per  square  inch. 
Elastic  limit,  not  less  than  one-half  the  ultimate  strength. 
Elongation,  22  per  cant. 

Bends  180  degrees  to  a  diameter  equal  to  the  thickness  of  the 
specimen  without  fracture. 

17.  Cast  Iron.  As  in  the  case  of  steel,  there  are  many 
grades  of  cast  iron.  The  grades  are  not  the  same  for  all  localities 
or  districts,  bnt  they  are  based  on  the  appearance  of  the  fractures, 
which  vary  from  coarse  dark  gi'ey  to  fine  silvery  white. 

The  ultimate  tensile  strength  does  not  vary  uniformly  with 
the  grades  but  depends  for  the  most  part  on  the  percentage  of 
"combined  carl)on"  present  in  the  iron.  This  strength  varies  from 
15,000  to  35,000  pounds  per  square  inch,  20,000  being  a  fair 
average. 

C^ast  iron  has  no  well-defined  elastic  limit  (see  curve  for  cast 
iron,  Fio-.  5).      Its  ultimate  eloncration  is  about  one  per  cent. 

EXAMPLES  FOR  PRACTICE. 

1.  A  steel  wire  is  one-eighth  inch  in  diameter,  and  the  ulti- 
mate  tensile  strength  of  the  material  is  150,000  pounds  per  square 
inch.     How  large  is  its  breaking  load  ?  Ans.     1,845  pounds. 

2.  A  wrought-iron  rod  (ultimate  tensile  strength  50,000 
pounds  per  square  inch)  is  2  inches  in  diameter.  How  large  a 
steady  pull  can  it  safely  bear  ?  Ans.     39,270  pounds. 

18.  Materials  in  Compression.  Unlike  the  tensile,  the 
compressive  strength  of  a  specimen  or  structural  part  depends  on 
its  dimension  in  the  direction  in  which  the  load  is  applied,  for, 
in  compression,  a  long  bar  or  rod  is  weaker  than  a  short  one.  At 
present  we  refer  only  to  the  strength  of  short  pieces  such  as  do 
not  bend  under  the  load,  the  longer  ones  (columns)  being  dis- 
cussed farther  on. 

Different  materials  break  or  fail  under  compression,  in  two 
very  different  ways: 

1.     Ductile  materials  (structural  steel,   wrought   iron,  etc.), 
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and  wood  compressed  across  the  grain,  do  not  fail  by  breaking  into 
two  distinct  parts  as  in  tension,  but  the  former  bulge  out  and 
flatten  under  great  loads,  while  wood  splits  and  mashes  down. 
There  is  no  particular  point  or  instant  of  failure  under  increasing 
loads,  and  such  materials  have  no  definite  ultimate  strength  in 
compression. 

2.  Brittle  materials  (brick,  stone,  hard  steel,  cast  iron,  etc.), 
and  wood  compressed  along  the  grain,  do  not  mash  gradually,  but 
fail  suddenly  and  have  a  definite  ultimate  strength  in  compression. 
Although  the  surfaces  of  fracture  are  always  much  inclined  to  the 
direction  in  which  the  load  is  applied  (about  45  degrees),  the  ulti. 
mate  strength  is  computed  by  dividing  the  total  breaking  load  by 
the  cross-sectional  area  of  the  specimen. 

The  principal  materials  used  under  compression  in  structural 
work  are  timber,  wrought  iron,  steel,  cast  iron,  brick  and  stone. 

19.  Timber.  As  before  noted,  timber  has  no  definite  ulti- 
mate compressive  strength  across  the  grain.  The  U.  S.  Forestry 
Division  has  adopted  certain  amounts  of  compressive  deformation 
as  marking  stages  of  failure.  Three  per  cent  compression  is 
regarded  as  "a  working  limit  allowable,"  and  fifteen  per  cent  as 
"an  extreme  limit,  or  as  failure."  The  following  (except  the  first) 
are  values  for  compressive  strength  from  the  Forestry  Division 
Keports,  all  in  pounds  per  square  inch: 

Ultimate  strength         3!^  Compression 
along  the  grain.  across  the  grain 

Hemlock 6,000 

White  pine 5,400  700 

Long-leaf  yellow  pine 8,000  1,260 

Short-leaf  yellow  pine 6,500  1,050 

Douglas  spruce 5, 700  800 

White  oak 8,500  2,200 

Red  oak 7,200  2,300 

20.  Wrought  Iron.  The  elastic  limit  of  wrought  iron,  as  be- 
fore noted,  depends  very  much  upon  the  size  of  the  bars  or  plate,  it 
being  greater  for  small  bars  and  thin  plates.  Its  value  for  com- 
pression is  practically  the  same  as  for  tension,  25,000  to  40,000 
pounds  per  square  inch. 

21.  Steel.  The  hard  steels  have  the  highest  compressive 
strength;  there  is  a  recorded  value  of  nearly  400,000  pounds  per 
square  inch,  but  150,000  is  probably  a  fair  average. 
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The  elastic  limit  in  compression  is  practically  the  same  as  in 
tension,  which  is  about  60  per  cent  of  the  ultimate  tensile  strength, 
or,  for  structural  steel,  about  25,000  to  42,000  pounds  per  square 
inch. 

22.  Cast  Iron.  This  is  a,  very  strong  material  in  compres- 
sion, in  which  way,  principally,  it  is  used  structurally.  Its  ulti- 
mate  strength  depends  much  on  the  proportion  of  "combined  car- 
bon" and  silicon  present,  and  varies  from  50,000  to  200,000  pounds 
per  square  inch,  90,000  being  a  fair  average.  As  in  tension, 
there  is  no  well-defined  elastic  limit  in  compression  (see  curve  for 
cast  iron,  Fig.  5). 

23.  Brick.  The  ultimate  strengths  are  as  various  as  the 
kinds  and  makes  of  brick.  For  soft  brick,  the  ultimate  strength 
is  as  low  as  500  pounds  per  square  inch,  and  for  pressed  brick  it 
varies  from  4,000  to  20,000  pounds  per  square  inch,  8,000  to 
10,000  being  a  fair  average.  The  ultimate  strength  of  good  pav- 
ing brick  is  still  higher,  its  average  value  being  from  12,000  to 
15,000  pounds  per  square  inch. 

24.  Stone.  Sandstone,  limestone  and  granite  are  the 
principal  building  stones.  Their  ultimate  strengths  in  pounds 
per  square  inch  are  about  as  follows: 

Sandstone  *  5,000  to  16,000,  average    8,000. 
Limestone,*  8,000  "  16,000,        "       10,000. 
Granite,       14,000  "  24,000,        "       16,000. 
*Compression  at  right  angles  to  the  "bed"  of  the  stone. 

EXAMPLES  FOR  PRACTICE. 

1.  A  limestone  12x12  inches  on  its  bed  is  used  as  a  pier 
cap,  and  bears  a  load  of  120,000  pounds.  What  is  its  factor  of 
safety  ?  Ans.     12. 

2.  How  large  a  post  (short)  is  needed  to  sustain  a  steady 
load  of  100,000  pounds  if  the  ultimate  compressive  strength  of 
the  wood  is  10,000  pounds  per  square  inch  ?       Ans.  8X10  inches, 

25.  Materials  in  Shear.  The  principal  materials  used  under 
shearing  stress  are  timber,  wrought  iron,  steel  and  cast  iron. 
Partly  on  account  of  the  difficulty  of  determining  shearing 
strengths,  these  are  not  well  known. 

26.  Timber.  The  ultimate  shearing  strengths  of  the  more 
important  woods  along  the  grain  are  about  as  follows: 
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Hemlock, 

300  pounds  per  square  inch. 

White  pine, 

400 

<t 

(( 

[ 

Long-leaf  yellow 

pine,     850 

u 

l< 

fc 

Short-leaf       " 

"         775 

1( 

« 

Douglas  spruce, 

500 

(( 

(( 

1 

White  oak, 

1,000 

l( 

{( 

1 

Red  oak. 

1,100 

(( 

« 

1 

Wood  rarely  fails  by  shearing  across  the  grain.     Its  ultimate 

Fig.  6  a.  Fig.  6*. 

shearincr  etreng-th  in  that  direction  is  probably  four  or  five  times 
the  values  above  given. 

27.  Metals.  The  ultimate  shearing  strength  of  wrought 
iron,  steel,  and  cast  iron  is  about  80  per  cent  of  their  respective 
ultimate  tensile  strengths. 

EXAMPLES  FOR  PRACTICE. 

1.  How  large  a  pressure  P  (Fig-  6  (f)  exerted  on  the  shaded 
area  can  the  timber  stand  before  it  will  shear  off  on  the  surface 
alcd,  a  ah  =  6  inches  and  ho  =  10  inches,  and  the  ultimate  shear- 
ing strength  of  the  timber  is  400  pounds  per  square  inch  ? 

Ans.     24,000  pounds, 

2.  "When  a  bolt  is  under  tension,  there  is  a  tendency  to  tear 
the  bolt  and  to  "strip"  or  shear  off  the  head.  The  shorn  area 
would  be  the  surface  of  the  cylindrical  hole  left  in  the  head. 
Compute  the  tensile  and  shearing  unit-stresses  when  P  (Fig.  6  d) 
equals  30,000  pounds,  d  =  2  inches,  and  t  =  3  inches. 

j  Tensile  unit-stress,  9,550  pounds  per  square  inch. 
*  I  Shearing  unit-stress,  1,591  pounds  per  square  inch. 

REACTIONS  OF  SUPPORTS. 

28.  Moment  of  a  Force.  By  moment  of  a  force  with  re- 
spect to  a  point  is  meant  its  tendency  to  produce  rotation  about 
that  point.  Evidently  the  tendency  depends  on  the  magnitude  of 
the  force  and  on  the  perpendicular  distance  of  the  line  of  action 
of  the  force  from  the  point  :  the  greater  the  force  and  the  per- 
pendicular distance,  the  greater  the  tendency;  hence  the  inoment 
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of  a  force  with  respect  to  a  point  equals  tlie  product  of  the  force 
and  the  p>erpendictdar  distance  from  the  force  to  the  point. 

The  point  with  respect  to  which  the  moment  of  one  or  more 
forces  is  taken  is  called  an  origin  or  center  of  moment!^,  and  the 
perpendicular  distance  from  an  origin  of  moments  to  the  line  of 
action  of  a  force  is  called  the  arm  of  the  force  "with  respect  to 
that  origin.  Thus,  if  F^  and  F2  (Fig.  7)  are  forces,  their  arms 
with  respect  to  O'  are  «/  and  «,'  respectively,  and  their  moments 
are  ^^a\  and  'F./i\.  With  respect  to  O"  their  arms  are  «/'  and  a" 
respectively,  and  their  moments  are  Fj«j"  and  F.,rt.,". 

If  the  force  is  expressed  in  ponnds  and  its  arm  in  feet,  the 
moment  is  in  foot-j)Ounds;  if  the  force  is  in  pounds  and  the  arm 
in  inches,  the  moment  is  in  inch-pounds. 

29.  A  sign  is  given  to  the  moment  of  a  force  for  conven- 
ience; the  rule  used  herein  is  as  follows:  The  Dioinent  of  a 
force  about  a  point  is  positive  or  negative  according  as  it  tends 
to  turn  the  hody  cdjout  that  point  in  the  clochwise  or  counter- 
clochwise  direction'-'^ . 

Thus  the  moment  (Fig.  7) 

of  Fj  about  O'  is  negative,  about  O"  positive; 
u  p       a      O'  a  u         about  O"  negative. 

30,  Principle  of  Moments.  In  general,  a  single  force  of 
proper  magnitude  and  line  of  ac- 
tion can  balance  any  number  of 
forces.  That  sinMe  force  is  called 
the  equililjrant  of  the  forces,  and 
the  single  force  that  would  balance 
the  equilibrant  is  called  the  result- 
ant of  the  forces.  Or,  otherwise 
stated,  the  resultant  of  any  num- 
ber of  forces  is  a  force  which  pro-  ^1 
duces  the  same  effect.  It  can  be 
proved  that — The  cdgehraic  sum 
of  the  moments  of  any  numder 
of  forces  with  respect  to  a  pointy 
equcds  the  moment  of  their  re- 
sultant ahout  that p)'dnt. 

*By  clockwise  direction  is  meant  that  in  which  the  hands  of    a  clock 
rotate;  and  by  counter-clockwise,  the  opposite  direction. 


Fi-.  7. 
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This  is  a  useful  principle  and  is  called  "principle  of  moments." 

31,     All  the  forces  acting  upon  a  body  which  is  at  rest  are 

said  to  be  halanced  or  in  eqtdlihrium.     No  force  is  required  to 

balance  such  forces  and  hence  their  equilibrant  and  resultant  are 

zero. 

Since  their  resultant  is  zero,  the  algebraic  sum  of  the  inoin- 
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ents  of  any  niiinher  of  forces  which  ar^e  halanced  or  in  equilib- 
rium equals  zero. 

This  is  known  as  the  principle  of  moments  for  forces  in 
equilibrium;  for  brevity  we  shall  call  it  also  "the  principle  of 
moments." 

The  principle  is  easily  verified  in  a  simple  case.  Thus,  let 
AB  (Fig.  8)  be  a  beam  resting  on  supports  at  C  and  F.  It  is 
evident  from  the  symmetry  of  the  loading  that  each  reaction 
equals  one-half  of  the  whole  load,  that  is,  \  of  6,000=3,000 
pounds.      (We  neglect  the  weight  of  the  beam  for  simplicity.) 

With  respect  to  C,  for  example,  the  momenta  of  the  forces 
are,  taking  them  in  order  from  the  left: 

—1,000  X    4  =  —  4,000  foot-pounds 

3,000  X    0=  0 

2,000  X    2=        4,000 

2,000  X  14  =      28,000 
—3,000X16  =  — 48,000 

1,000  X  20  =      20,000 

The  algebraic  sum  of  these  moments  is  seen  to  equal  zero. 
Again,  with  respect  to  B  the  moments  are: 

— 1,000  X  24  =  —24,000  foot-pounds 

3,000X20=  60,000 
— 2,000  X  18  =  —  36,000 
—  2,000  X    6  =  —  12,000 

3,000  X    4=      12,000 

1,000  X    0=  0         " 

The  sum  of  these  moments  also  equals  zero.     In   fact,  no  matter 
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where  the  center  of  moments  is  taken,  it  will  be  found  in  this  and 
any  other  balanced  system  of  forces  that  the  algebraic  sum  of  their 
moments  equals  zero.  The  chief  use  that  we  shall  make  of  this 
principle  ia  in  finding  the  supporting  forces  of  loaded  beams. 

32.  Kinds  of  Beams.  A  cantilever  heam  is  one  resting  on 
one  support  or  fixed  at  one  end,  as  in  a  wall,  the  other  end  being 
free. 

A  simjyle  heani  is  one  resting  on  two  supports. 

A  restrained  heam  is  one  fixed  at  both  ends;  a  beam  fixed  at 
one  end  and  resting  on  a  support  at  the  other  is  said  to  be  re- 
strained at  the  fixed  end  and  simply  supported  at  the  other. 

A  continuous  Ijeam  is  one  resting  on  more  than  two  supports. 

2,Z'  Determination  of  Reactions  on  Beams.  The  forces  which 
the  supports  exert  on  a  beam,  that  is,  the  "supporting  forces,"  are 
called  reactions.  We  shall  deal  chiefly  with  simple  beams.  The 
reaction  on  a  cantilever  beam  supported  at  one  point  evidently 
equals  the  total  load  on  the  beam. 

"When  the  loads  on  a  horizontal  beam  are  all  vertical  (and 
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Fig.  9. 
this  is  the  usual  case),  the  supporting  forces  are  also  vertical  and 
the  sum  of  the  reactions  e<2uals  the  sum  of  the  loads.  This  prin- 
ciple is  sometimes  useful  in  determining  reactions,  but  in  the  case 
of  simple  beams  the  principle  of  moments  is  sufticient.  The  gen- 
eral method  of  determinino;  reactions  is  as  follows: 

1.  "Write  out  two  equations  of  moments  for  all  the  forces 
(loads  and  reactions)  acting  on  the  beam  with  origins  of  moments 
at  the  supports. 

2.  Solve  the  equations  for  the  reactions. 

3.  As  a  check,  try  if  the  sum  of  the  reactions  equals  the 
sum  of  the  loads. 

Examjples.  1.  Fig.  9  represents  a  beam  supported  at  its 
ends  and  sustaining  three  loads.  We  wish  to  find  the  reactions 
due  to  these  loads. 
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Let  the  reactions  be  denoted  by  ll^  and  R^  as  shown;  then 
the  moment  equations  are: 
For  origin  at  A, 

1,000x1  +  2,000x0  +  3,000x8— R,X  10  =  0. 
For  origin  at  E, 
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Fig.  10. 

R,  X  10—1,000  X  9—2,000  X  4—3,000  X  2  =  0. 
The  first  equation  reduces  to 

10  R.  =  1,000+12,000  +  24,000  =  37,000;  or 
R^=  3,700  pounds. 
The  second  equation  reduces  to 

10  R  =  9,000+8,000+6,000  =  23,000;  or 
n  =  2,300  pounds. 
The  sum  of  the  loads  is  G,000  pounds  and  the  sum  of  the  reactions 
is  the  same;  hence  the  computation  is  correct. 

2.  Fig.  10  represents  a  beam  supported  at  B  and  T>  (that  is, 
it  has  overhanorinor  ends)  and  sustaininor  three  loads  as  shown.  We 
wish  to  determine  the  reactions  due  to  the  loads. 

Let  Rj  and  R^  denote  the  reactions  as  shown ;  then  the  moment 
equations  are: 
For  origin  at  B, 

-2,100x2+0+3,600x6— R,Xl4+l,600xl8  =0. 
For  origin  at  D, 

-  2,100 X 16  + R,x  14— 3,600x8  +  0  +  1,(300x4  =  0. 
The  first  equation  reduces  to 

14  R,= -4,200+21,600+28,800  =  46,200;  or 
R,  =:  3,300  pounds. 
The  second  equation  reduces  to         ' 

14  R  =  33,600+28,800-6,400  =  56,000;  or 
R^=  4,000  pounds. 
The  sum  of  the  loads  equals  7,300  pounds  and  the  sum  of  the 
reactions  is  the  same;  hence  the  computation  checks. 

3.  What  are  the  total  reactions  in  example  1  if  the  beam 
weighs  400  pounds  ? 
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(1.)  Since  we  already  know  the  reactions  due  to  the  loads 
(2,300  and  3,700  pounds  at  the  left  and  right  ends  respectively 
(see  illustration  1  above),  we  need  only  to  compute  the  reactions 
due  to  the  weight  of  the  beam  and  add.  Evidently  the  reactions 
due  to  the  weight  equal  200  pounds  each;  hence  the 

left  reaction  =2,300  +  200:^=2,000  pounds,  and  the 
right     "        r=  3,700  +  200^=3,1)00       " 

(2.)  Or,  we  might  compute  the  reactions  due  to  the  loads 
and  weight  of  the  beam  together  and  directly.  In  figuring  the 
moment  due  to  the  weight  of  the  beam,  we  imagine  the  weight 
as  concentrated  at  the  middle  of  the  beam;  then  its  moments  with 
respect  to  the  left  and  right  supports  are  (400  X  5)  and — (400  X  5) 
respectively.  The  moment  equations  for  origins  at  A  and  E  are 
like  those  of  illustration  1  except  that  they  contain  one  more 
term,  the  moment  due  to  the  weight;  thus  they  are  respectively: 

1,000x1  +  2,000x6  +  3,000x8— R,X  10  +  400x5=0, 

Ri  X  10—1,000  X  9—2,000  X  4—3,000  X  2—400  X  5=0. 
The  first  one  reduces  to 

10  R,=  39,000,  or  R.  =  3,900  pounds; 
and  the  second  to 

10  R  =  25,000,  or  R  =  2,500  pounds. 

4.  What  are  the  total  reactions  in  example  2  if  the  beam 
weighs  42  pounds  per  foot  ? 

As  in  example  3,  we  might  compute  the  reactions  due  to  the 
weight  and  then  add  them  to  the  corresponding  reactions  due  to 
the  loads  (already  found  in  example  2),  but  we  shall  determine 
the  total  reactions  due  to  load  and  weight  directly. 

The  beam  being  20  feet  long,  its  weight  is  42  X  20,  or  840 
pounds.  Since  the  middle  of  the  beam  is  8  feet  from  the  right  and 
6  feet  from  the  left  support,  the  moments  of  the  M'eight  with 
respect  to  the  left  and  right  supports  are  respectively: 

840  X  8  =  G,720,  and— 840  X  6  =  —5,040  foot-pounds. 
The  moment   eqaiations   for   all  the   forces  applied   to   the    beam 
for  origins  at  B  and  I)  are  like  those  in  example  2,  with  an  addi- 
tional term,  the  moment  of  the  weight;  they  are  respectively: 
— 2,100x2  +  0  +  3,600x6— R,Xl4+l,G00xl8  +  0,720=0, 
—2,100xl0+RjXl4— 3,600x8  +  0+1,600x4— 5,040  =  0. 
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The  first  equation  reduces  to 

14  E^^52,920,  or  R,=3,780  pounds, 

and  the  second  to 

14  R^==  61,040,  or  R,=  4,360  pounds. 

The  sura  of    the  loads  and  weight  of    beam  is    8,140  pounds; 
and  since  the  sum  of  the  reactions  is  the  same,  the  computation 

checks. 

EXAMPLES  FOR  PRACTICE. 

1.     AB  (Fig.  11)  represents  a  simple  beam  supported  at  its 
ends.     Compute  the  reactions,  neglecting  the  weight  of  the  beam. 

.        j  Eight  reaction  =  1,443.75  pounds. 
Left  reaction     =  1,556,25  pounds. 
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Fig.  11. 

2.  Solve  example  1  taking  into  account  the  weight  of  the 
beam,  which  suppose  to  be  400  pounds. 

.         j  Eight  reaction  =  1,643.75  pounds. 
I  Left  reaction     =  1,756.25  pounds. 

3.  Fio-.  12  represents  a  simple  beam  weighing  800  pounds 
supported  at  A  and  B,  and  sustaining  three  loads  as  shown. 
What  are  the  reactions  ? 


.         j  Eight  reaction  =  2,014.28  pounds. 
I  Left  reaction     =  4,785.72  pounds. 


2000  Itos. 
ki'4— ^ — 


looolbs. 


30OO  lbs. 


■9'- 


3'- 


B 


Fig.  12. 

4.  Suppose  that  in  example  3  the  beam  also  sustains  a  uni- 
formly distributed  load  (as  a  floor)  over  its  entire  length,  of  500 
pounds  per  foot.  Compute  the  reactions  due  to  all  the  loads  and 
the  weight  of  the  beam. 

.         (  Eight  reaction  =    4,871.43  pounds. 
^°^'  ^  Left  reaction     =  11,928.57  pounds. 


■■) 
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EXTERNAL  SHEAR  AND  BENDING  MOMENT. 

On  almost  every  cross-section  of  a  loaded  beam  tliere  are 
three  kinds  of  stress,  namely  tension,  comj)ression  and  shear.  The 
first  two  are  often  called  fihre  stresses  because  they  act  along  the 
real  fibres  of  a  wooden  beam  or  the  imaginary  ones  of  which  we 
may  suppose  iron  and  steel  beams  composed.  Before  taking  up 
the  subject  of  these  stresses  in  beams  it  is  desirable  to  study  certain 
quantities  relating  to  the  loads,  and  on  which  the  stresses  in  a 
beam  depend.  These  quantities  are  called  external  sltear  and 
bending  fiioment,  and  will  now  be  discussed. 

34.  External  Shear.  By  external  shear  at  (or  for)  any  sec- 
tion of  a  loaded  beam  is  meant  the  algebraic  sum  of  all  the  loads 

o 

(including  weight  of  beam)  and  reactions  on  either  side  of  the 
section.  This  sum  is  called  external  shear  because,  as  is  shown 
later,  it  equals  the  shearing  stress  (internal)  at  the  section.  For 
brevity,  we  shall  often  say  simply  "shear"  when  external  shear  is 
meant. 

35.  Rule  of  Signs.  In  computing  external  shears,  it  is  cus- 
tomary to  give  the  plus  sign  to  the  reactions  and  the  minus  sign 
to  the  loads.  But  in  order  to  get  the  same  sign  for  the  external 
shear  whether  computed  from  the  right  or  left,  we  change  the  sign 
of  the  sum  when  computed  from  the  loads  and  reactions  to  the 
riqJit.  Thus  for  section  a  of  the  beam  in  Fig.  8  the  alg-ebraic  sum  is, 
when  computed  from  the  left, 

-1,000  +  3,000=  +2,000  pounds; 
and  when  computed  from  the  right, 

-1,000  +  3,000-2,000-2,000  =  -2,000  pounds. 
The  external  shear  at  section  a  is  +2,000  pounds. 

Again,  for  section  h  the  algebraic  sum  is,- 
when  computed  from  the  left, 

-1,000  +  3,000-2,000-2,000  +  3,000  =:  + 1,000  pounds; 
and  when  computed  from  the  right,  -1,000  pounds. 

The  external  shear  at  the  section  is  +1,000  pounds. 

It  is  usually  convenient  to  compute  the  shear  at  a  section 
from  the  forces  to  the  right  or  left  according  as  there  are  fewer 
forces  (loads  and  reactions)  on  the  right  or  left  sides  of  the 
section. 
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36.  Units  for  Shears.  It  is  customary  to  express  external 
shears  in  pounds,  but  any  other  unit  for  expressing  force  and 
weight  (as  the  ton)  may  be  used. 

37.  Notation.  We  shall  use  Y  to  stand  for  external  shear  at 
any  section,  and  the  shear  at  a  particular  section  will  be  denoted 
by  that  letter  subscripted;  thus  Vj,  Y^,  etc.,  stand  for  the  shears 
at  sections  one,  two,  etc.,  feet  from  the  left  end  of  a  beam. 

The  shear  has  different  values  just  to  the  left  and  right  of  a 
support  or  concentrated  load.  "We  shall  denote  such  values  by  V 
and  Y";  thus  Y/  and  Y."  denote  the  values  of  the  shear  at  sec- 
tions a  little  less  and  a  little  more  than  5  feet  from  the  left  end 
respectively. 

Examjples.  1.  Compute  the  shears  for  sections  one  foot 
apart  in  the  beam  represented  in  Fig.  9,  neglecting  the  weight  of 
the  beam.  (The  right  and  left  reactions  are  3,700  and  2,300 
pounds  respectively;  see  example  1,  Art.  33.) 

All  the  following  values  of  the  shear  are  computed  from  the 
left.  The  shear  just  to  the  right  of  the  left  support  is  denoted  by 
Yp",  and  Yo"  =  2,300  pounds.  The  shear  just  to  the  left  of  B  is 
denoted  by  Y/,  and  since  the  only  force  to  the  left  of  the  section 
is  the  left  reaction,  Y/ ^  2,300  pounds.  The  shear  just  to  the 
right  of  B  is  denoted  by  Y/',  and  since  the  only  forces  to  the  left 
of  this  section  are  the  left  reaction  and  the  1,000-pound  load, 
Y;'  =  2,300  ^  1,000  =  1,300  pounds.  To  the  left  of  all  sections 
between  B  and  C,  there  are  but  two  forces,  the  left  reaction  and 
the  1,000-pound  load;  hence  the  shear  at  any  of  those  sections 
equals  2,300  - 1,000  =  1,300  pounds,  or 

Y,  =  Y3  =  Y,  =  Y,  =  Y;=  1,300  pounds. 
The  shear  just  to  the  right  of  C  is  denoted  by  Y/';  and  since  the 
forces  to  the  left  of  that  section  are  the  left  reaction  and  the 
1,000-   and  2,000-pound  loads, 

Y;'  =  2,300  - 1,000  -  2,000  =  -  700  pounds. 

"Without  further  explanation,  the  student  should  understand 
that 

Y.    =  +  2,300  -  1,000  -  2,000  =  -  700  pounds, 

y;  =-700, 

Y;'  =  +2,300  -  1,000  -  2,000  -  3,000  =-3,700, 

Vo    =Y.;=- 3,700, 

Y  ''  =  +  2.300  - 1,000  -  2,000  -  3,000  H-  3,700  =  0 
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2.  A  simple  beam  10  feet  long,  and  supported  at  each  end, 
weighs  400  pounds,  and  bears  a  uniformly  distributed  load  of 
1,G00  pounds.     Compute  the  shears  for  sections  two  feet  apart. 

Evidently  each  reaction  equals  one-half  the  sum  of  the  load 
and  weight  of  the  beam,  that  is,  i  (1,600  +  400)  =1,000  pounds. 
To  the  left  of  a  section  2  feet  from  the  left  end,  the  forces  acting 
on  the  beam  consist  of  the  left  reaction,  the  load  on  that  part  of 
the  beam,  and  the  weight  of  that  part  ;  then  since  the  load  and 
weight  of  the  beam  j^er/bo^J  equal  200  pounds, 

y^=  1,000-200  X  2  =  GOO  pounds. 
To   the   left  of   a   section   four  feet  from  the  left  end,  the  forces 
are  the  left  reaction,  the  load  on  that  part  of  the  beam,  and  the 
weight  ;  hence 

Y^=  1,000-200  X  4  =  200  pounds. 
Without  further  explanation,  the  student  should  see  that 
V,   =  1,000-200  X   G= -200  pounds, 
Y^    =  1,000-200  X    8  = -GOO  pounds, 
Y^;  =  1,000-200  X 10  =  -1,000  pounds, 
YJ'=  1,000-200x10  +  1,000  =  0. 
3.     Compute  the  values  of  the  shear  in  example  1,  taking 
into  account  the  weight  of  the  beam  (400  pounds).     (The  right 
and  left  reactions  are  then  3,900  and  2,500  pounds  respectively; 
see  example  3,  Art.  33.) 

We  proceed  just  as  in  example  1,  except  that  in  each  compu- 
tation we  include  the  weight  of  the  beam  to  the  left  of  the  section 
(or  to  the  right  when  computing  from  forces  to  the  right).  The 
weight  of  the  beam  being  40  pounds  per  foot,  then  (computing 
from  the  left) 

Y;' =+2,500  pounds, 
Y/  =+2,500-40= +2,460, 
Y;'=+2,500-40-1,000=  +  1,460,    • 
Y,    =4-2,500-1,000-40x2=  +1,420, 
Y3    =  +  2,500-1,000-40  X  3  =  + 1,380, 
Y,    =+2,500-1,000-40x4  = +1,340, 
Y,    =+2,500-1,000-40x5  =  +1,300, 
Y;  =+2,500-1,000-40x6= +1,260, 
Y;'  =+2,500-1,000-40x6-2,000  =-740, 
Y,   =+2,500-1,000-2,000-40  X  7  =  -780, 


35 


Ans. 


28  STREIs^GTH  OF  MATERIALS 

V;  =  +  2,500-1,000-2,000-40x8  =-820, 
Y;'  =  +  2,500-1,000-2,000-40x8-3,000  =-3,820, 
Vg    =  +  2,500-1,000-2,000-3,000-40  X  9  =  -3,860, 
V'jo  =  +  2,500-1,000-2,000-3,000-40x10  =  -3,900, 
y"jo=  +  2,500-1,000-2,000-3,000-40  X 10  +  3,900=0. 

Computing  from  the  right,  we  find,  as  before,  that 

V.    =-(3,900-3,000-40 x3)=-780  pounds, 
V;  =-(3,900-3,000-40  X  2)=-820, 
Y;'  =-(3,900-40  x2)=-3,820, 
etc.,    etc. 

EXAMPLES  FOR  PRACTICE. 

1.  Compute  the  values  of  the  shear  for  sections  of  the  beam 
represented  in  Fig.  10,  neglecting  the  weight  of  the  beam.  (The 
right  and  left  reactions  are  3,300  and  4,000  pounds  respectively; 
see  example  2,  Art.  33.) 

fY,    =Y;=-2,100  pounds, 

Y/' =Y3=V=Y,=Y,=Y=Y'3=  + 1,900, 
V3"=V.=V.„=V„=V.=V,3-V,=Y,=V',=-1,700, 
Y"    =Y  =Y  =V  =Y'  =  +  lGOO 

2.  Solve  the  preceding  example,  taking  into  account  the 
weight  of  the  beam,  42  pounds  per  foot.  (The  right  and  left 
reactions  are  3,780  and  4,360  pounds  respectively;  see  example  4, 
Art.  33.) 

=  +  1,966  lbs.    Y,,  =  -1,928  lbs. 

=  +  1,924  Y,,  =-1,970 

=  -  1,676  Y,;  =  -  2,012 

=  -1,718  Y/=  + 1,768 

=  -1,760  V,,  =  +  1,726 

=  -1,802  Y,3  =  +  1,684 

=  -1,844  V,,  =  +  1,642 

=  -1,886  Y„' =  +  1,600 

3.  Compute  the  values  of  the  shear  at  sections  one  foot  apart 
in  the  beam  of  Fig.  11,  neglecting  the  weight.  (The  right  and 
left  reactions  are  1,444  and  1,556  pounds  respectively;  see  example 
1,  Art.  33.) 
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V;'  =V,--Y;= +  1,556  pounds, 
y."  =^3=^  =V  =V;=+956, 
AnbJ  y;'  =Y/=  +  56, 

V  "  =V  ==V  =V  =V  =Y  =V  '—-444 

'7  '   8  '9  '10  '11  '12  '13  '±'*"t, 

^  Vi3"=Vi4-=Vi5^Yje':=-l,444. 

4.  Compute  the  vertical  sliear  at  sections  one  foot  apart  in 
the  beam  of  Fig;.  12,  taking  into  account  the  weight  of  the  beam, 
800  pounds,  and  a  distributed  load  of  500  pounds  per  foot.  (The 
right  and  left  reactions  are  4,870  and  11,930  pounds  respectively; 
see  examples  3  and  4,  Art.  33.) 

V„  =             0  Y,  =  +  6,150  lbs.  Y,,  =+    830  lbs. 

Yi'-=-     540  lbs.  Y;  =  +  5,610  Y,,  =+    290 

Yi"=- 2,540  Y3"  =  +  4,610  ^^^  =  -    250 

Y.  =  -  3,080  Yg  =  +  4,070  Y,/'=  -3,250 

yI  =-  3,620  Y,o  =  +  3,530  Y,,  =  -3,790 

Y,  =  -  4,160  Y„  =  +  2,990  Y,^  =  -  4,330 

Y,  =  -  4,700  Y,2  =  +  2,450  Y.;  =  -  4,870 

Y;  =  - 5,240  Y,3  =  +  1,910  y]:'=           0 

Y;'= +6,690  Y,,=  + 1,370 

38.  Shear  Diagrams.  The  way  in  which  the  external  shear 
varies  from  section  to  section  in  a  beam  can  be  well  represented 
by  means  of  a  diagram  called  a  shear  diagram.  To  construct 
such  a  diagram  for  any  loaded  beam, 

1.  Lay  off  a  line  equal  (by  some  scale)  to  the  length  of 
the  beam,  and  mark  the  positions  of  the  supports  and  the  loads. 
(This  is  called  a  "base-line.") 

2.  Draw  a  line  such  that  the  distance  of  any  point  of  it 
from  the  base  equals  (by  some  scale)  the  shear  at  the  correspond- 
ing section  of  the  beam,  and  so  that  the  line  is  above  the  base 
where  the  shear  is  positive,  and  below  it  where  negative.  (This  is 
called  a  shear  line,  and  the  distance  from  a  point  of  it  to  the 
base  is  called  the  "ordinate"  from  the  base  to  the  shear  line  at 
that  point.) 

We  shall  explain  these  diagrams  further  by  means  of  illus- 
trative examples. 

Examples.  1.  It  is  required  to  construct  the  shear  diagram 
for  the  beam  represented  in  Fig.  13,  a  (a  copy  of  Fig.  9). 
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Lay  off  A'E'  (Fig.  13,  J)  to  represent  the  beam,  and  mark  tlie 
positions  of  the  loads  B',  C  and  D'.  In  example  1,  Art.  37,  we 
computed  the  values  of  the  shear  at  sections  one  foot  apart;  hence 
we  lav  off  ordinates  at  points  on  A'E'  one  foot  apart,  to  represent 
those  shears. 

Use  a  scale  of  4,000  pounds  to  one  inch.  Since  the  shear  for 
any  section  in  AB  is  2,300  pounds,  we  draw  a  line  ah  parallel 
to  the  base 0.575  inch (2,300^-4,000)  therefrom;  this  is  the  shear 
line  for  the  portion  AB.  Since  the  shear  for  any  section  in  BC 
equals  1,300  pounds,  we  draw  a  line  Vc  parallel  to  the  base  and 
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0.325  inch  (1,300^4,000)  therefrom;  this  is  the  shear  line  for  the 
portion  BC.  Since  the  shear  for  any  section  in  CD  is  -700 
pounds,  we  draw  a  line  ed  below  the  base  and  0.175  inch 
(700-^4,000)  therefrom;  this  is  the  shear  line  for  the  portion 
CD.  Since  the  shear  for  any  section  in  DE  equals  -3,700  lbs.,  we 
draw  a  \\\\%d'6  below  the  base  and  0.925  inch  (3,700^-4,000)  there- 
from; this  is  the  shear  line  for  the  portion  DE.  Fig.  13,  J,  is  the 
required  shear  diagram. 

2.  It  is  required  to  construct  the  shear  diagram  for  the 
beam  of  Fig.  14,  a  (a  copy  of  Fig.  9),  taking  into  account  the 
weight  of  the  beam,  400  pounds. 

The  values  of  the  shear  for  sections  one  foot  apart  were  com- 
puted in  example  3,  Art.  37,  so  we  have  only  to  erect  ordinates  at 
the  various  points  on  a  base  line  A'E'  (Fig.  14,  />),  equal  to  those 
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values.  We  sliall  use  the  same  scale  as  in  the  preceding  illustra- 
tion, 4,000  pounds  to  an  inch.  Then  the  lengths  of  the  ordinates 
corresponding  to  the  values  of  the  shear  (see  example  3,  Art.  S7\ 
are  respectively: 

2,500-^4,000=0.025  inch 

2,460'-^4,000=0.615     " 

1,460-^4,000=0.365     " 
etc.  etc. 

Laying  these  ordinates  off  from  the  base  (upwards  or  downwards 
according  as  they  correspond  to  positive  or  negative  shears),  we 
get  «5,  h'c,  c'd,  and  d'e  as  the  shear  lines. 
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Fig.  14. 
3.     It    Is  required   to  construct   the  shear  diagram   for  the 
cantilever  beam  rejjresented  in  Fig.  15,  a,  neglecting  the  weight 
of  the  beam. 

The  value  of  the  shear  for  any  section  in  AB  is  -  500  pounds; 
for  any  section  in  BC,  -1,500  pounds;  and  for  any  section  in 
CD,  -  3,500  pounds.  Hence  the  shear  lines  are  ah,  h'c,  c'd.  The 
scale  being  5,000  pounds  to  an  inch, 

A'«  =     500-- 5,000  =  0.1  inch, 
^h'  =  l,500--5,000  =  0.3     " 
CV  =  3,500^5,000  =  0.7     " 
The  shear  lines  are  all  below  the  base  because  all  the  values  of  th© 
shear  are  necrative. 
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4.  Suppose  that  the  cantilever  of  the  preceding  illustration 
sustains  also  a  uniform  load  of  200  pounds  per  foot  (see  Fig.  16,  a). 
Construct  a  shear  diagrani. 
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First,  we  compute  the  values  of  the  shear  at  several  sections. 

Thus      V„"  =-  500  pounds, 

=_  500  -  200=  -  700, 

=_500-200x2=-900, 

=_  500  _  200X2  -  1,000=-1,900, 

=_  500  -  1,000  -  200X3=-2,100, 

=_  500  -  1,000  -  200x4=-2,300, 

=_  500  -  1,000  -  200 X  5=--2,500, 

=_  500  -  1,000  -  200X5  -  2,000=-4,500, 

=_  500  -  1,000  -  2,000  -  200x6=-l,700, 

=_  500  -  1,000  -  2,000  -  200x7=-4,900, 

=_  500  -  1,000  -  2,000  -  200x8^-5,100, 

=  _500  -  1,000  -  2,000  -  200x9=-5,300. 

The  values,  being  negative,  should  be  plotted  downward.     To  a 

scale  of  5,000  pounds  to  the  inch  they  give  the  shear  lines  a7j,  b'c, 

&d  (Fig.  16,  I). 

EXAMPLES  FOR  PRACTICE. 

1.  Construct  a  shear  diagram  for  the  beam  represented  in 
Fig.  10,  neglecting  the  weight  of  the  beam  (see  example  1,  Art.  37). 

2.  Construct  the  shear  diagram  for  the  beam  represented  in 
Fig.  11,  neglecting  the  weight  of  the  beam  (see  example  3, 
Art,  37). 
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8,  Construct  tlie  shear  diagram  for  the  beam  of  Fig.  12 
when  it  sustains,  in  addition  to  the  loads  represented,  its  own 
weight,  800  pounds,  and  a  uniform  load  of  500  pounds  per  foot 
(see  example  4,  Art.  37). 

4.  Figs.  «,  cases  1  and  2,  Table  B  (page  55),  represent  two 
cantilever  beams,  the  first  bearing  a  concentrated  load  P  at  the  free 
end,  and  the  second  a  uniform  load  W.  Figs,  h  are  the  corre- 
sponding shear  diagrams.  Take  P  and  W  equal  to  1,000  pounds, 
and  satisfy  yourself  that  the  diagrams  are  correct. 

5.  Fill's.  <T,  cases  3  and  4,  same  table,  represent  simple 
beams  supported  at  their  ends,  the  first  bearing  a  concentrated 


sooltas.  looolbs.       aooolbs. 


Sca-le  i"=5ooolbs. 
Fig.  16. 

load  P  at  the  middle,  and  the  second  a  uniform  load  W.  Figs. 
h  are  the  corresponding  shear  diagrams.  Take  P  and  W  equal 
to  1,000  pounds,  and  satisfy  yourself  that  they  are  correct. 

39.  Maximum  Shear.  It  is  sometimes  desirable  to  know 
the  greatest  or  maximum  value  of  the  shear  in  a  given  case.  This 
value  can  always  be  found  with  certainty  by  constructing  the  shear 
diao-ram,  from  which  the  maximum  value  of  the  shear  is  evident  at 
a  glance.  In  any  case  it  can  most  readily  be  computed  if  one 
knows  the  section  for  which  the  shear  is  a  maximum.  The  stu- 
dent should  examine  all  the  shear  diagrams  in  the  preceding 
articles  and  those  that  he  has  drawn,  and  see  that 

1.  Ill  cantilevers  fixed  in  a  walU  the  maximum  shear 
occurs  at  the  wall. 
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2.  In  sim2:)le  heams,  the  maximum  shear  occurs  at  a  sec- 
tion next  to  one  of  the  su2>]}orts. 

By  the  use  of  these  propositions  one  can  determine  tlie  value 
of  the  maximum  shear  without  constructing  the  whole  shear 
diao-ram.  Thus,  it  is  easily  seen  (referring  to  the  diagrams,  page 
55)  that  for  a 

Cantilever,  end  load  P,  maximum  shear =P 

"         ,  uniform  load  W,         "  "     =W 

Simple  beam,  middle  load  P,        "  "     =^P 

"  "    ,  uniform  "   W,        "  "     =1'^ 

40.  Bending  floment.  By  bending  moment  at  (or  for)  a 
section  of  a  loaded  beam,  is  meant  the  algebraic  sum  of  the  mo- 
ments of  ^11  the  loads  (including  weight  of  beam)  and  reactions 
to  the  left  or  right  of  the  section  with  respect  to  any  point  in  the 
section. 

41.  Rule  of  Signs.  AVe  follow  the  rule  of  signs  previously 
stated  (Art.  29)  that  the  moment  of  a  force  which  tends  to  pro- 
duce clockwise  rotation  is  plus,  and  that  of  a  force  which  tends  to 
produce  counter-clockwise  rotation  is  minus;  but  in  order  to  get 
the  same  sign  for  the  bending  moment  whether  computed  froir 
the  right  or  left,  we  change  the  sign  of  the  sum  of  the  moments 
when  computed  from  the  loads  and  reactions  on  the  right.  Thus 
for  section  a.  Ficr.  8,  the  algebraic  sums  of  the  moments  of  the 
forces  are : 

when  computed  from  tne  left, 

-1,000  X  5+ 3,000  X  l=-2,000  foot-pounds ; 
and  when  computed  from  the  right, 

1,000  X  19-3,000  X 15  + 2,000  X 13 -f  2,000X1= +  2,000  foot- 
pounds. 
The  bending  moment  at  section  a  is  -2,000  foot-pounds. 

Again,  for  section  h,  the  algebraic  sums  of  the  moments  of  the 
forces  are: 
when  computed  from  the  left, 

-1,000  X  22  +  3,000  X  18-2,000  X  16-2,000  X  4  +  3,000  X  2= 
-2,000  foot-pounds; 
and  when  computed  from  the  right, 

1,000  X  2=  +  2,000  foot-pounds. 
The  bending  moment  at  the  section  is  -2.000  foot-pounds. 
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It  is  usually  convenient  to  compute  the  bending  moment  for 
a  section  from  the  forces  to  the  right  or  left  accordincr  as  there 
are  fewer  forces  (loads  and  reactions)  on  the  right  or  left  side 
of  the  section. 

42.  Units.  It  is  customary  to  express  bending  moments  in 
inch -pounds,  but  often  the  foot-pound  unit  is  more  convenient. 
To  reduce  foot-pounds  to  inch-pounds,  midtiply  Ijy  twelve. 

43.  Notation.  We  shall  use  M  to  denote  bending  moment  at 
any  section,  and  the  bending  moment  at  a  particular  section  will 
be  denoted  by  that  letter  subscripted;  thus  Mj,  M,,  etc.,  denote 
values  of  the  bending  moment  for  sections  one,  two,  etc.,  feet 
from  the  left  end  of  the  beam. 

Examples.  1.  Compute  the  bending  moments  for  sections 
one  foot  apart  in  the  beam  represented  in  Fig.  9,  neglecting  the 
weight  of  the  beam.  (The  right  and  left  reactions  are  3,700  and 
2,800  pounds  respectively.     See  example  1,  Art.  33.) 

Since  there  are  no  forces  actincr  on  the  beam  to  the  left  of  the 

o 

left  support,  M„^0.  To  the  left  of  the  section  one  foot  from  the 
left  end  there  is  but  one  force,  the  left  reaction,  and  its  arm  is  one 
foot;  hence  M,=  + 2,300x1=2,300  foot-pounds.  To  the  left  of 
a  section  two  feet  from  the  left  end  there  are  two  forces,  2,300  and 
1,000  pounds,  and  their  arms  are  2  feet  and  1  foot  respectively; 
hence  M.=  + 2,300x2-1,000x1=3,600  foot-pounds.  At  the 
left  of  all  sections  between  B  and  C  there  are  only  two  forces, 
2,300  and  1,000  pounds;  hence 

M3=  +  2,300 X  3-1,000 X  2=  +4,900  foot-pounds, 
M,=  +  2,300  X  4-1,000  X  3=  +  6,200 
M,=  +  2,300  X  5-1,000  X  4=  +  7,500 
M,=  +  2,300x6-l,000x5=  +  8,800 

To  the  right  of  a  section  seven  feet  irom  the  left  end  there 
are  two  forces,  the  3,000-pound  load  and  the  right  reaction 
(3,700  pounds),  and  their  arms  with  respect  to  an  origin  in  that 
section  are  respectively  one  foot  and  three  feet;  hence 

M,=-(-3,700  X  3  +  3,000  X 1)  =  +  8,100  foot-pounds. 

To  the  right  of  any  section  between  E  and  D  there  is  only  one 
force,  the  right  reaction ;  hence 
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M,=-(-3,700x  2)=7,400  foot-pounds, 
M3=-(-3,700xl)=3,700 

Clearly  M,„=0. 

2.  A  simple  beam  10  feet  long  and  supported  at  its  ends 
Nveio-hs  400  pounds,  and  bears  a  uniformly  distributed  load  of  1,600 
pounds.  Compute  the  bending  moments  for  sections  two  feet 
apart. 

Each  reaction  equals  one-half  the  whole  load,  that  is,  ^  of 
(1,000  +  400)  =1,000  pounds,  and  the  load  per  foot  including 
weight  of  the  beam  is  200  pounds.  The  forces  acting  on  the 
beam  to  the  left  of  the  first  section,  two  feet  from  the  left  end,  are 
the  left  reaction  (1,000  pounds)  and  the  load  (including  weight) 
on  the  part  of  the  beam  to  the  left  of  the  section  (400  pounds). 
The  arm  of  the  reaction  is  2  feet  and  that  of  the  400-pound  force 
is  1  foot  (the  distance  from  the  middle  of  the  400 -pound  load  to 
the  section).     Hence 

M,=  + 1,000  X  2-400  X 1  =  + 1,600  foot-pounds. 

The  forces  to  the  left  of  the  next  section,  4  feet  from  the  left 
end,  are  the  left  reaction  and  all  the  load  (including  weight  of 
beam)  to  the  left  (800  pounds).  The  arm  of  the  reaction  is  4  feet, 
and  that   of  the  SOO-pound  force  is  2  feet;  hence 

M,=  + 1,000  X  4-800  X  2  =  +  2,400  foot-pounds. 

Without  further  explanation  the  student  should  see  that 

M,=:  +  1,000  X  6-1,200  X  3=  +  2,400  foot-pounds, 
M,=  + 1,000  X  8-1,600  X  4=  + 1,600 

Evidently  M„=M,,=0. 

3.  Compute  the  values  of  the  bending  moment  in  example 
1,  taking  into  account  the  weight  of  the  beam,  400  pounds.  (The 
right  and  left  reactions  are  respectively  3,900  and  2,500  pounds; 
see  example  3,  Art.  33.) 

We  proceed  as  in  example  1,  except  that  the  moment 
of  the  weight  of  the  beam  to  the  left  of  each  section  (or  to 
the  right  when  computing  from  forces  to  the  right)  must  be 
included  in  the  respective  moment  equations.  Thus,  computing 
from  the  left, 
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Mo 

M. 

M^ 

M3 
M, 

M^ 


:=0 


=  +  2,500  X 1-40  X 1-=  +  2,480  foot-pounds, 
=  +  2,500  X  2-1,000  X 1-80  X 1=  +  3,920, 
=  +  2,500  X  3-1,000  X  2-120  XU=  +  5,320, 
=  +  2,500  X  4-1,000  X  3-160  X  2=+  6,G80, 
=  +  2,500  X  5-1,000  X  4-200  X  2i==  +  8,000, 
=  +  2,500  X  6-1,000  X  5-240  X  3=  +  9,280. 

Computing  from  the  right, 

M,  =-(-3,900x3  +  3,000xl  +  120xU)  =  +  8,520, 
M3  =-(-3,900x2  +  80xl)  =  +  7,720, 
M.3  =-(-3,900x1  +  40x1)  =+3,880, 

EXAMPLES  FOR  PRACTICE. 

1.  Compute  the  values  of  the  bending  moment  for  sections 
one  foot  apart,  beginning  one  foot  from  the  left  end  of  the 
beam  represented  in  Fig.  10,  neglecting  the  weight  of  the  beam. 
(The  right  and  left  reactions  are  3,300  and  4,000  pounds  respec- 
tively; see  example  2,  Art.  33.) 

rM,=  -2,100  M,  =  +  3,400  M„=  +  2,100  M,,=:-6,400 

Ans.        M,=  -  4,200  M.  =  +  5,300  M,,=  +    400  M,,=-4,800 

(in  foot-  J  M;=  -  2,300  M^  =  +  7,200  lsl,,=  -  1,300  M,,=-3,200 

pounds)     M,=  -     400  M„  =  +  5,500  M,,=  -  3,000  M„=-l,600 

[  M,=  + 1,500  M,o=  +  3,800  M,,=  -  4,700  M,,=         0 

2.  Solve  the  preceding  example,  taking  into  account  the 
weight  of  the  beam,  42  pounds  per  foot.  (The  right  and  left 
reactions  are  3,780  and  4,360  pounds  respectively;  see  example  4, 
Art.  33.) 

^K,=  -  2,121  M„  =+4,084  M„=  + 2,799  M,,=  -  6,736 

Ans.       M.=  -  4,284  M,  =  +  6,071  M,,=  +    976  M„=  -  4,989 

(in  foot- ^  M,"=- 2,129  M,  =  +  8,016  M,3=  -     889  M,3=  -  3,284 

pounds)     j,x,_  _       16  M,  =  +  6,319  M,,=  -  2,796  M,,=  -  1,621 

^M,=  + 2,055  M,,=  + 4,580  M,,=  -  4,745  ]\L„=  0 

3.  Compute  the  bending  moments  for  sections  one  foot 
apart,  of  the  beam  represented  in  Fig.  11,  neglecting  the  weight. 
(The  right  and  left  reactions  are  1,444  and  1,556  pounds  respect- 
ively; see  example  1,  Art.  33.) 
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M,  =  +  l,556  M,=  +  5,980  M,  =  +  6,104  M,3=-|-4,328 
J^"'-  ,  M„=  +  3,112M3=  +  6,936M„=  +  5,660M,,=  +  2,884 
loVnds^  I  M3=  +  4,068  ]\L=  +  6,992  M„=  +  5,216  M,=  +  l,440 
^  ^  \  M,=  + 5,024  M,=  + 6,548  M,3=  + 4,772  M,,=  0 

4  Compute  tlie  bending  moments  at  sections  one  foot  apart 
in  the  beam  of  Fig.  12,  taking  into  account  the  weight  of  the  beam, 
800  pounds,  and  a  uniform  load  of  500  pounds  per  foot.  (The 
right  and  left  reactions  are  4,870  and  11,930  pounds  respectively, 
see  Exs.  3  and  4,  Art.  33.) 


Ans. 
(in  foot-  -< 
pounds) 


'M,=  -  270  M,  =-19,720  M,j=:+  3,980  M,,=12,180 
M,=  -  3,080  M. —-13,300  Mj2=+  6,700  M,,=12,200 
^i=~  6,430  M3  =-  7,420  M^3=+  8,880  M,3^  8,680 
M,= -10,320  M,  =-  3,080  M,,=  + 10,520  M,^^  4,620 


M.=  -14,750  ]VL,=  +     720  M,.  =  +  ll,620  M.,,= 


0 


44.  Moment  Diagrams.  The  way  in  which  the  bending 
moment  varies  from  section  to  section  in  a  loaded  beam  can  be 
well  represented  by  means  of  a  diagram  called  a  Tthoment  diagram. 
To  construct  such  a  diagram  for  any  loaded  beam. 


1000  lbs 


2000  lbs.      3000  lbs. 

2' * 2'- 


ScaJe ;  1  =  looooft.-lbs 

Fig.  17. 

1.  Lay  off  a  base-line  just  as  for  a  shear  diagram  (see 
Art.  38). 

2.  Draw  a  line  such  that  the  distance  from  any  point  of  it 
to  the  base-line  equals  (by  some  scale)  the  value  of  the  bending 
moment  at  the  corresponding  section  of  the  beam,  and  so  that  the 
line  is  above  the  base  where  the  bending  moment  is  positive  and 
below  it  where  it  is  negative.  (This  line  is  called  a  "moment 
line."^ 
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Examples.  1.  It  is  required  to  construct  a  moment  dia- 
gram for  the  beam  of  Fig.  17,  a  (a  copy  of  Fig.  9),  loaded  as 
there  shown. 

Layoff  A'E'  (Fig.  17,  h)  as  a  base.  In  example  1,  Art.  43, 
we  computed  the  values  of  the  bending  moment  for  sections  one 
foot  apart,  so  we  erect  ordinates  at  points  of  A'E'  one  foot  apart, 
to  represent  the  bending  moments. 

We   shall  use  a  scale  of  10,000  foot-pounds  to  the  inch;  then 
^vhe  ordinates  (see  example  1,  Art.  43,  for  values  of  JVI)  will  be: 
One  foot  from  left  end,  2,300^10,000  =  0.23  inch, 
Two  feet     "       "      "     3,600-^10,000  =  0.36     " 
Three  "      "       "      "     4,900-^10,000  =  0.49     " 
Four   "      "       "      "     6,200^10,000  =  0.62     " 
etc.,    etc. 


looolba. 


zooolbs.       3000  lbs. 
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Sca^-le:  i"=  looooft.-lbs. 
Fig.  18. 

Laying  these  ordinates  off,  and  joining  their  ends  in  succession, 
we  get  the  line  A'Z'cv/E',  which  is  the  bending  moment  line. 
Fig.  17,  b,  is  the  moment  diagram. 

2.  It  is  required  to  construct  the  moment  diagram  for  the 
beam.  Fig.  18,  a  (a  copy  of  Fig.  9),  taking  into  account  the  weight 
of  the  beam,  400  pounds. 

The  values  of  the  bending  moment  for  sections  one  foot  apart 
were  computed  in  example  3,  Art.  43.  So  we  have  only  to  lay  off 
ordinates  equal  to  those  values,  one  foot  apart,  on  the  base  A'E' 
(Fig.  18,  h). 

To  a  scale  of  10,000  foot-pounds  to  the  inch  the  ordinates 
(see  example  3,  Art.  43,  for  values  of  M)  are: 
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At  left  end,  0 

One  foot  from  left  end,  2,480^10,000=0.248  inch 
Two  feet     "       "      "      3,920-^10,000=0.392    " 
Three  "      "       "      "      5,320-^10,000=0.532    " 
Four    "      "       "      "      6,680-^10,000=0.668    " 

Laying  these  ordinates  off  at  the  proper  points,  we  get  K'hcdY. 

as  the  moment  line. 

3.     It  is  required  to  construct  the  moment  diagram  for  the 

cantilever  beam  represented  in  Fig.  19,  a,  neglecting  the  weight 

of  the  beam.     The  bending  moment  at  B  equals 
-500x2=-l,000  foot-pounds; 


at  C, 


and  at  D, 


-500  X  5-1,000  X  3=-5,500 ; 

'-500  X  9-l,000x  7-2,000  X  4=-19,500. 
soolbs.    looolbs.     eooolbs. 


-1^^^ 


Sc8Je:i''=  20000  ft.- lbs. 


Fig.  19. 

Using  a  scale  of  20,000  foot-pounds  to  one  inch,   the  ordinates 
in  the  bending  moment  diagram  are: 

AtB,    1,000^20,000=0.05  inch, 

"  C,    5,500^20,0C0=0.275  " 

"  D,  19,500-^20,000=0.975  " 
Hence  we  lay  these  ordinates  off,  and  downward  because  the  bend- 
ing moments  are  negative,  thus  fixing  the  points  J,  c  and  d.  The 
bending  moment  at  A  is  zero;  hence  the  moment  line  connects  A 
h,  G  and  d.  Further,  the  portions  Kb,  ho  and  cd  are  straight,  as 
can  be  shown  by  computing  values  of  the  bending  moment  for 
sections  in  AB,  BC  and  CD,  and  laying  off  the  corresponding 
ordinates  in  the  moment  diagram. 
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4.  Suppose  that  the  cantilever  of  the  preceding  illustration 
sustains  also  a  uniform  load  of  100  pounds  per  foot  (see  Fig.  20,  a). 
Construct  a  moment  diagram. 

First,  we  compute  the  values  of  the  bending  moment  at  sev- 
eral sections;  thus, 

M^=-500  X 1-100  X  i=-550  foot-pounda, 
M3=-500  X  2-200  X 1 =-1,200, 
M3=-500  X  3-1,000  X 1-300  X  li=-2,950, 
M^=-500  X  4-1,000  X  2-400  X  2=-4,800, 
M^=-500  X  5-1,000  X  3-500  X  2i=— 6,750, 
M^=-500  X  6-1,000  X  4-2,000  X  1-600  X  3-^-10,800, 
M^=_500  X  7-1,000  X  5-2,000  X  2-700  X  3^=-14,950, 
M^=-500  X  8-1,000  X  6-2,000  X  3-800  X  4=-19,200, 
M,=-500  X  9-1,000  X  7-2,000  X  4-900  X  4^=-23,550. 

soolbs.  looolbs. 
— 3'- 


Sca>Je:  f  =  2oooof  t.-lb3 


Fig.  20. 
These   values   all    beincr  negative,  the  ordinates  are  all  laid  off 
downwards.     To  a  scale  of  20,000  foot-pounds  to  one  inch,  they 
fix  the  moment  line  A'hcd. 

EXAHPLES  FOR  PRACTICE. 

1.  Construct  a  moment  diagram  for  the  beam  represented  in 
Fig.  10,  neglecting  the  weight  of  the  beam.  (See  example  1, 
\rt.  43). 

2.  Construct  a  moment  diagram  for  the  beam  represented 
in  Fig.  11,  neglecting  the  weight  of  the  beam.  (See  example  3, 
Art.  43). 

3.  Construct  the  moment  diagram  for  the  beam  of  Fig.  12 
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when  it  sustains,  in  addition  to  the  loads  represented  and  its  own 
weight  (800  pounds),  a  uniform  load  of  500  pounds  per  foot. 
(See  example  4,  Art.  43.) 

4.  Figs.  «,  cases  1  and  2,  page  TS,  represent  two  cantilever 
beams,  the  first  bearing  a  load  P  at  the  free  end,  and  the  second 
a  uniform  load  "W.  Figs,  c  are  the  corresponding  moment 
diagrams.  Take  P  and  W  equal  to  1,000  pounds,  and  I  equal  to 
10  feet,  and  satisfy  yourself  that  the  diagrams  are  correct. 

5.  Figs,  (f,  cases  3  and  4,  page  55,  represent  simple  beams 
on  end  supports,  the  first  bearing  a  middle  load  P,  and  the  other  a 
uniform  load  W.  Ficrs.  h  are  the  corresponding  moment  dia- 
grams.  Take  P  and  W  equal  to  1,000  pounds,  and  I  equal  to 
10  feet,  and  satisfy  yourself  that  the  diagrams  are  correct. 

45.  Maximum  Bending  Moment.  It  is  sometimes  desirable 
to  know  the  greatest  or  maximum  value  of  the  bending  moment 
in  a  given  case.  This  value  can  always  be  found  with  certainty 
by  constructing  the  moment  diagram,  from  which  the  maximum 
value  of  the  bending  moment  is  evident  at  a  glance.  But  in  any 
case,  it  can  be  most  readily  computed  if  one  knows  the  section  for 
which  the  bending  moment  is  greatest.  If  the  student  will  com- 
pare the  corresponding  shear  and  moment  diagrams  which  have 
been  constructed  in  foregoing  articles  (Figs.  13  and  17,  14  and 
18,  15  and  19,  16  and  20),  and  those  which  he  has  drawn,  he  will 
see  that — The  maximum  hending  moment  in  a  heam  occurs 
where  the  shear  changes  sign. 

By  the  help  of  the  foregoing  principle  we  can  readily  com- 
pute  the  maximum  moment  in  a  given  case.  We  have  only  to 
construct  the  shear  line,  and  observe  from  it  where  the  shear 
changes  sign;  then  compute  the  bending  moment  for  that  section. 
If  a  simple  beam  has  one  or  more  overhanging  ends,  then  the  shear 
changes  sign  more  than  once — twice  if  there  is  one  overhanging 
end,  and  three  times  if  two.  In  such  cases  we  compute  the 
bending  moment  for  each  section  where  the  shear  changes  sign; 
the  largest  of  the  values  of  these  bending  moments  is  the  maxi- 
mum for  the  beam. 

The  section  of  maximum  bending  moment  in  a  cantilever 
fixed  at  one  end  (as  when  built  intj  a  wall)  is  always  at  the  wall. 
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Thus,  without  reference  to  the  moment  diagrams,  it  is  readily  seen 
that, 

for  a  cantilever  whose  length  is  ?, 

with  an  end    load  P,  the  maximum  moment  is      Fl, 
"    a  uniform  "     W,  "  "  "        "  4  WZ. 

Also  by  the  principle,  it  is  seen  that, 

for  a  beam  whose  length  is  I,  on  end  supports, 

with  a  middle  load  P,  the  maximum  moment  is  ^  P/, 
"    uniform     "     W,  "  "  "         «  J  ^Yl. 

46.  Table  of  Maximum  Shears,  Moments,  etc.  Table  B 
on  page  55  shows  the  shear  and  moment  diagrams  for  eio-ht 
simple  cases  of  beams.  The  first  two  cases  are  built-in  cantilevers; 
the  next  four,  simple  beams  on  end  supports;  and  the  last  two, 
restrained  beams  built  in  walls  at  each  end.  In  each  case  I 
denotes  the  length. 

CENTER  OF  GRAVITY  AND  HOMENT  OF  INERTIA. 

It  will  be  shown  later  that  the  strength  of  a  beam  depends 
partly  on  the  form  of  its  cross-section.  The  following  discussion 
relates  principally  to  cross-sections  of  beams,  and  the  results 
reached  (like  shear  and  bending  moment)  will  be  made  use  of 
later  in  the  subject  of  strength  of  beams. 

47.  Center  of  Gravity  of  an  Area.  The  student  probably 
knows  what  is  meant  by,  and  how  to  find,  the  center  of  gravity  of 
any  flat  disk,  as  a  piece  of  tin.  Probably  his  way  is  to  balance 
the  piece  of  tin  on  a  pencil  point,  the  point  of  the  tin  at  which  it  so 
balances  being  the  center  of  gravity.  (Really  it  is  midway  between 
the  surfaces  of  the  tin  and  over  the  balancing  point.)  The  center 
of  gravity  of  the  piece  of  tin,  is  also  that  point  of  it  through  which 
the  resultant  force  of  gravity  on  the  tin  (that  is,  the  weight  of  the 
piece)  acts. 

By  "center  of  gravity"  of  a  plane  area  of  any  shape  we  mean 
that  point  of  it  which  corresponds  to  the  center  of  gravity  of  a 
piece  of  tin  when  the  latter  is  cut  out  in  the  shape  of  the  area. 
The  center  of  gravity  of  a  quite  irregular  area  can  be  found  most 
readily  by  balancing  a  piece  of  tin  or  stiff  paper  cut  in  the  shape 
of  the  area.  But  when  an  area  is  simple  in  shape,  or  consists  of 
parts  which  are  simple,  the  center  of  gravity  of  the  whole  can  be 


51 


Fiff.  21. 


44  STKENGTH  OF  MATERIALS 

found  readily  by  computation,  and  such  a  method  will  now  be 
described. 

48.  Principle  of  noments  Applied  to  Areas.  Let  Fig.  21 
represent  a  piece  of  tin  which  has  been  divided  off  into  any  num- 
ber of  parts  in  any  way,  the  weight  of  the  whole  being  W,  and 
that  of  the  parts  "W",,  W^,  W^,  etc.  Let  C,,  C^,  C3,  etc.,  be  the 
centers  of  gravity  of  the  parts,  C  that  of  the  whole,  and  c^,  c^,  c^, 
etc.,  and  c  the  distances  from  those  centers  of  gravity  respectively 
\o  some  line  (L  L)  in  the  plane 
of  the  sheet  of  tin.  When  the 
tin  is  lying  in  a  horizontal  posi- 
tion, the  moment  of  the  weight 
of  the  entire  piece  about  L  L  is 
Wc,  and  the  moments  of  the 
parts  are  WjCj,  ^2^2,  etc.  Since 
the  weight  of  the  whole  is  the 
resultant  of  the  weights  of  the 
parts,  the  moment  of  the  weight 
of  the  whole  equals  the  sum  of  the  moments  of  the  weights  of  the 
parts;  that  is, 

Wc=WiC,  +  W2^2+etc. . . . 

Now  let  Aj,  A2,  etc.  denote  the  areas  of  the  parts  of  the  pieces 
of  tin,  and  A  the  area  of  the  whole;  then  since  the  weights  are 
proportional  to  the  areas,  we  can  replace  the  Ws  in  the  preceding 
equation  by  corresponding  A's,  thus: 

Ag=A^Ci-}-  A^c^-j-etc (4) 

If  we  call  the  product  of  an  area  and  the  distance  of  its 
center  of  gravity  from  some  line  in  its  plane,  the  "moment"  of  the 
area  with  respect  to  that  line,  then  the  preceding  equation  may  be 
stated  in  words  thus: 

The  moment  of  an  area  with  resjpect  to  any  line  equals  the 
algebraic  sum  of  the  moments  of  the  parts  of  the  area. 

If  all  the  centers  of  gravity  are  on  one  side  of  the  line  with 
respect  to  which  moments  are  taken,  then  all  the  moments  should  be 
given  the  plus  sign;  but  if  some  centers  of  gravity  are  on  one  side 
and  some  on  the  other  side  of  the  line,  then  the  moments  of  the 
areas  whose  centers  of  gravity  are  on  one  side  should  be  given  the 
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same  sign,  and  the  moments  of  the  others  the  opposite  sign.  The 
foregoing  is  the  principle  of  moments  for  areas,  and  it  is  the  basis 
of  all  rules  for  finding  the  center  of  gravity  of  an  area. 

To  find  the  center  of  gravity  of  an  area  which  can  be  divided 
np  into  simple  parts,  we  write  the  principle  in  forms  of  equations 
for  two  different  lines  as  "axes  of  moments,"  and  then  solve  the 
equations  for  the  unknown  distances  of  the  center  of  gravity  of  the 
whole  from  the  two  lines.  "We  explain  further  by  means  of  specific 
examples. 

JExamples.  1.  It  is  required  to  find  the  center  of  gravity 
of  Fig,  22,  «,  the  width  being  uniformly  one  inch. 

The  area  can   be  divided  into  two  rectangles.     Let  C,  and 
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Fiff.  22. 


C3  be  the  centers  of  gravity  of  two  such  parts,  and  C  the  center  of 
gravity  of  the  whole.  Also  let  a  and  h  denote  the  distances  of  C 
from  the  two  lines  OL'  and  OL"  respectively. 

The  areas  of  the  parts  are  6  and  3  square  inches,  and  their 
arms  with  respect  to  OL'  are  4  inches  and  ^  inch  respectively,  and 
with  respect  to  OL"  -|  inch  and  1^  inches.  Hence  the  equations  of 
moments  with  respect  to  OL'  and  OL"  (the  whole  area  being  9 
square  inches)  are: 

9x«  =  6X4+3X1  =  25.5, 

9x^  =  6xi  +  3xU=7.5. 
Hence,  a  —  25.5-^-9  =  2.83  inches, 

h  =    7.5-^9  =  0.83      "     . 

2.  It  is  required  to  locate  the  center  of  gravity  of  Fig.  22,  5, 
the  width  being  uniformly  one  inch. 
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EXAMPLE  FOR  PRACTICE. 

1.    Locate  the  center  of    gravity    of 
Fig.  23. 


T 


The  figure  can  be  divided  up  into  three  rectangles.  Let  Ci,  C^ 
and  Cg  be  the  centers  of  gravity  of  such  parts,  C  the  center  of 
gravity  of  the  whole;  and  let  a  denote  the  (unknown)  distance  of 
C  from  the  base.  The  areas  of  the  parts  are  4,  3  0  and  4  square 
inches,  and  their  "  arms  "  with  respect  to 
the  base  are  2,  i  and  2  inches  respectively;  |^i!L,| 

hence  the  equation  of  moments  with  re- 
spect to  the  base  (the  entire  area  being  18 
square  inches)  is: 

18  xr^  =-4x2+10xi+4x2=:21. 
Hence,  «  =  21^18  =  1.17  inches. 

From  the  symmetry  of  the  area  it  is  plain 
that  the  center  of  gravity  is  midway  be- 
tween the  sides. 


— 4i' 

Fig.  23. 


Ans.  2,6  inches  above  the  base. 
49.  Center  of  Gravity  of  Built=up  Sections.  In  Fig.  24 
there  are  represented  cross-sections  of  various  kinds  of  rolled  steel, 
called  "shape  steel,"  which  is  used  extensively  in  steel  construction. 
Manufacturers  of  this  material  publish  "handbooks"  giving  full 
information  in  regard  thereto,  among  other  things,  the  position  of 
the  center  of  gravity  of  each  cross  section.    With  such  a  handbook 
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Fig.  2d. 

available,  it  is  therefore  not  necessary  actually  to  compute  the  posi- 
tion of  the  center  of  gravity  of  any  section,  as  we  did  in  the  pre- 
ceding article;  but  sometimes  several  shapes  are  riveted  together  to 
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make  a  "built-up"  section  (see  Fig.  25),  and  tlien  it  may  be  neces- 
sary to  compute  the  position  of  the  center  of  gravity  of  the  section. 
Example.     It  is  desired  to  locate  the  center  of  gravity  of  the 
section  of  a  built-up  beam  represented  in  Fig.  25.    The  beam  con- 
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Fig.  25. 

sists  of  two  channels  and  a  plate,  the  area  of  the  cross-section  of  a 

channel  being  6.03  square  inches. 

Evidently  the  center  of  gravity  of  each  channel  section  is  6 

inches,  and  that  of  the  plate  section  is  12^  inches,  from  the  bottom. 

Let  c  denote  the  dis- 
tance of  the  center  of 
gravity  of  the  whole 
section  from  the  bot- 
tom;  then  since  the 
area  of  the  plate  section 
is  7  square  inches,  and 
that  of  the  whole  sec- 
tion is  19.00, 


c 


^. 


^. 


66" 


19.00x^  =  6.03  X6  + 
6.03X6  +  7X121-- 

Fig.  26.  ^r^^^^ 

Hence,  c=  158.11^19.06=8.30  inches,  (about). 

EXAMPLES  FOR  PRACTICE. 

1.     Locate  the  center  of  gravity  of  the  built-up  section  of 
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Ficr.  26,  (?,  the  area  of  each  "angle"  being  5.00  square  inches,  and 
the  center  of  gravity  of  each  being  as  shown  in  Fig.  2G,  h. 

Ans.     Distance  from  top,  3.08  inches. 

2.  Omit  the  left-hand  angle  in  Fig.  26,  a,  and  locate  the 
center  of  gravity  of  the  remainder. 

.        j  Distance  from  top,  3.65  inches, 
°^'  "i  "  "      left  side,  1.19  inches. 

50.  rioment  of  Inertia.  If  a  plane  area  be  divided  into  an 
infinite  number  of  infinitesimal  parts,  then  the  sum  of  the  prod- 
ucts obtained  by  multiplying  the  area  of  each  part  by  the  square 
of  its  distance  from  some  line  is  ealled  the  moment  of  inertia  of  the 
area  with  respect  to  the  line.  The  line  to  which  the  distances  are 
measured  is  called  the  inertia -axis ;  it  may  be  taken  anywhere  in 
the  plane  of  the  area.  In  the  subject  of  beams  (where  we  have 
sometimes  to  compute  the  moment  of  inertia  of  the  cross-section 
of  a  beam),  the  inertia-axis  is  taken  through  the  center  of  gravity 
of  the  section  and  horizontal. 

An  approximate  value  of  the  moment  of  inertia  of  an  area 
can  be  obtained  by  dividing  the  area  into  small  parts  (not  infini- 
tesimal), and  adding  the  products  obtained  by  multiplying  the 
area  of  each  part  by  the  square  of  the  distance  from  its  center  to 
the  inertia-axis. 

JEocample.  If  the  rectangle  of  Fig.  27,  a,  is  divided  into  8 
parts  as  shown,  the  area  of  each  is  one  square  inch,  and  the  dis- 
tances from  the  axis  to  the  centers  of  gravity  of  the  parts  are  \ 
and  1^  inches.  For  the  four  parts  lying  nearest  the  axis  the 
product  (area  times  distance  squared)  is: 

lX(  Vf=\\  and  for  the  other  parts  it  is 

ix(4)^=i. 

Hence  the  approximate  value  of  the  moment  of  inertia  of  the  area 
with  respect  to  the  axis,  is 

4(i)+4(|)-io. 

If  the  area  is  divided  into  32  parts,  as  shown  in  Fig.  27,  h, 
the  area  of  each  part  is  ^  square  inch.  For  the  eight  of  the  little 
squares  farthest  away  from  the  axis,  the  distance  from  their  centers 
of  gravity  to  the  axis  is  1|  inches;  for  the  next  eight  it  is  1^; 
for  the   next  eight  |;  and   for   the  remainder  ^  inch.     Hence    an 
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approximate  value  of  the  moment  of  inertia  of  the  rectangle  with 
respect  to  the  axis  is : 

8xix(if)^+8xix(ii)^+8xix(|)HSxix(i)^=m 

If  we  divide  the  rectangle  into  still  smaller  parts  and  form 
the  products 

(small  area)  X  (distance)", 

and  add  the  products  just  as  we  have  done,  we  shall  get  a  larger 
answer  than  10|.  The  smaller  the  parts  into  which  the  rec- 
tanMe  is  divided,  the  larger  will  be  the  answer,  but  it  will  never 
be   larger  than   10|.     This  10|  is  the    sum  corresponding  to  a 

division  of  the  rectano-le  into  an 
infinitely  large  number  of  parts 
(infinitely  small)  and  it  is  the 
exact  value  of  the   moment  of 

§-?L'§-| 1 !_  4^__1— I — I — I — I ^^S- inertia  of  the  rectano-le  with  re- 

o 

spect  to  the  axis  selected. 

There  are  short  methods  of 
computing  the  exact  values  of  the 
moments  of  inertia  of  simple  fig- 
ures (rectangles,  circles,  etc.,), 
but  they  cannot  be  given  here  since  they  involve  the  use  of  difficult 
mathematics.  The  foregoing  method  to  obtain  approximate  val- 
ues of  moments  of  inertia  is  used  especially  when  the  area  is  quite 
irregular  in  shape,  but  it  is  given  here  to  explain  to  the  student 
the  ineaning  of  the  moment  of  inertia  of  an  area.  He  should 
understand  now  that  the  moment  of  inertia  of  an  area  is  sim- 
ply a  name  for  such  sums  as  we  have  just  computed.  The  name 
is  not  a  fitting  one,  since  the  sum  has  nothing  whatever  to  do  with 
inertia.  It  was  first  used  in  this  connection  because  the  sum  is 
very  similar  to  certain  other  sums  which  had  previously  been 
called  moments  of  inertia. 

51.  Unit  of  Moment  of  Inertia.  The  product  (area  X  dis- 
tance^) is  really  the  product  of  four  lengths,  two  in  each  factor; 
and  since  a  moment  of  inertia  is  the  sum  of  such  products,  a 
moment  of  inertia  is  also  the  product  of  four  lengths.  Now  the 
product  of  two  lengths  is  an  area,  the  product  of  three  is  a  vol- 
ume, and  the  product  of  four  is  moment  of  inertia — unthinkable  in 
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the  way  in  which  we  can  think  of  an  area  or  volume,  and  there- 
fore the  source  of  much  dithculty  to  the  student.  The  units  of 
these  quantities  (area,  volume,  and  moment  of  inertia)  are  respec- 
tively: 

the  square  inch,  square  foot,  etc., 
"    cubic       "    ,  cubic      "        "  , 
"    biquadratic  inch,  biquadratic  foot,  etc.; 
but  the  biquadratic  inch  is  almost  exclusively  used  in  this  connec- 
tion; that  is,  the  inch  is  used  to  compute 
J  values  of  moments  of  inertia,  as  in  the  pre- 

1  ceding  illustration.       It  is  often    w^ritten 

"I  T      thus:  Inches*. 

^  52.     Moment  of  Inertia  of  a  Rectangle. 

_  Axis i.     Let  h  denote  the  base  of  a  rectangle,  and  a 

Pio-  23.  its  altitude;  then  by  higher  mathematics  it 

can  be  shown  that  the  moment  of  inertia 
of  the  rectangle  with  respect  to  a  line  through  its  center  of  gravity 
and  parallel  to  its  base,  is  J^-  Ic'^. 

Example.  Compute  the  value  of  the  moment  of  inertia  of 
a  rectangle  4x12  inches  with  respect  to  a  line  through  its  center 
of  gravity  and  parallel  to  the  long  side. 

Here  5=12,  and  a  =  4  inches  ;  hence  the  moment  of  inertia 
desired  equals 

3^(12X4^^) =64  inchest 

EXAHPLE  FOR  PRACTICE. 

1.  Compute  the  moment  of  inertia  of  a  rectangle  4x12 
inches  with  respect  to  a  line  through  its  center  of  gravity  and 
parallel  to  the  short  side.  Ans.     576  inchest 

53.  Reduction  Formula.  In  the  previously  mentioned 
"handbooks"  there  can  be  found  tables  of  moments  of  inertia  of 
all  the  cross-sections  of  the  kinds  and  sizes  of  rolled  shapes  made. 
The  inertia-axes  in  those  tables  are  always  taken  through  the  cen- 
ter of  gravity  of  the  section,  and  usually  parallel  to  some  edge  of 
the  section.  Sometimes  it  is  necessary  to  compute  the  moment  of 
inertia  of  a  "rolled  section"  with  respect  to  some  other  axis,  and 
if  the  two  axes  (that  is,  the  one  given  in  the  tables,  and  the  other) 
are  parallel,  then  the  desired  moment  of  inertia  can  be  easily  com- 
puted from  the  one  given  in  the  tables  by  the  following  rule: 
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The  moment  of  inertia  of  an  area  with  respect  to  any  axis 
equals  the  moment  of  inertia  with  respect  to  a  parallel  axis 
through  the  center  of  gravity^  plus  the  product  of  the  area  and 
the  square  of  the  distance  hetween  the  axes. 

Or.  if  I  denotes  the  moment  of  inertia  with  respect  to  any  axis; 
I^  tlie  moment  of  inertia  with  respect  to  a  parallel  axis  through 
the  center  of  gravity;  A  the  area;  and  d  the  distance  between  the 
axes,  then 

l=\-^M\...  (5) 

Example.  It  is  required  to  compute  the  moment  of  inertia 
of  a  rectangle  2x8  inches  with  respect  to  a  line  parallel  to  the 
long  side  and  4  inches  from  the  center  of  gravity. 

Let  I  denote  the  moment  of  inertia  soug-ht,  and  I ,  the  moment 
of  inertia  of  the  rectangle  with  respect 
to  a   line  parallel  to  the  long  side  and 
through  the  center  of  gravity  (see  Fig. 
28).     Then 

\=^^1k(?  (see  Art.  52) ;  and,  lz^_ 

since  J=8  inches  and  r,r  =  2  inches, 

I^=_i^(8x2^)  =  51  bi(piadratic   inches. 

The  distance  between  the  two  inertia - 
axes  is  4  inches,  and  the  area  of  the 
rectangle  is  16  square  inches,  hence 
equation  5  becomes 


CO 


h- 


-5^- 


Fig.  29. 

1=5^  +  16x4^=261^-  biquadratic  inches. 
EXAMPLE  FOR  PRACTICE. 

1.  The  moment  of  inertia  of  an  "angle"  2ix2x|  inches 
(lengtlis  of  sides  and  width  respectively)  with  respect  to  a  line 
through  the  center  of  gravity  and  parallel  to  the  long  side,  is  0.64 
inchest  The  area  of  the  section  is  2  square  inches,  and  the  dis- 
tance from  the  center  of  gravity  to  the  long  side  is  0.63  inches. 
(These  values  are  taken  from  a  "handbook".)  It  is  required  to 
compute  the  moment  of  inertia  of  the  section  with  respect  to  a 
line  parallel  to  the  long  side  and  4  inches  from  the  center  of 
gravity.  Ans.     82.64  inches*. 

54.  Moment  of  Inertia  of  Built=up  Sections.  As  before 
stated,  beams  are  sometimes  "built  up"  of  rolled  shapes   (angles, 
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channels,  etc).  The  moment  of  inertia  of  such  a  section  with 
respect  to  a  definite  axis  is  computed  by  adding  the  moments  of 
inertia  of  the  parts,  all  loith  respect  to  that  same  axis.  This  is  the 
method  for  computing  the  moment  of  any  area  which  can  be 
divided  into  simple  parts. 

The  moment  of  inertia  of  an  area  which  may  be  regarded  as 
consisting  of  a  larger  area  minus  other  areas,  is  computed  by  sub- 
tractinor  from  the  moment  of  inertia  of  the  larg-e  area  those  of  the 
"minus  areas." 

Examples.  1.  Compute  the  moment  of  inertia  of  the  built- 
up  section  represented  in  Fig.  30  (in  part  same  as  Fig.  25)  with 
respect  to  a  horizontal  axis 

f 14" s( 


— w^ 1 


Fifj.  30. 


+  • 


o 
A    J3 


passing  through  the  center 

of  gravity,  it  being  given 

that  the  moment  of  inertia 

of    each    channel    section 

with  respect  to  a  horizontal       ^_  _^ 

axis  through  its  center  of 

gravity    is    128.1    inches*, 

and    its    area  6.03   square 

inches. 

The  center  of  gravity  of 

the  whole  section  was  found 

in  ihe  example  of  Art.  49  to  be  8.30  inches  from  the  bottom  of 

the     section;    hence    the   distances  from  the  inertia-axis    to    the 

centers  of  gravity  of  the  channel  section  and  the  plate  are  2.30 

and   8.95  inches  respectively  (see  Fig.  30). 

The  moment  of  inertia  of  one  channel  section  with  respect  to 

the  axis  A  A  (see  equation  5,  Art.  53)  is: 

128.1  +  6.03x2.30^=160.00  inches*. 

The  moment  of  inertia  of  the  plate  section  (rectangle)  with  re- 

spect  to  the  line  a" a"  (see  Art.  52)  is: 

__i^  ba^=J,[14X  (l)']=0.15  inches*; 

and  with  respect  to  the  axis  AA  (the  area  being  7  square  inches) 

it  is: 

0.15+TX3.95-=109.37  inches*. 

Therefore  the  moment  of  inertia  of  the  whole  section   with    re- 
spect to  A  A  is: 

2x160.00+109.37=429.37  inches*. 
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2.  It  is  required  to  compute  tlie  moment  of  inertia  of  the 
"  hollow  rectangle  "  of  Fig.  29  with  respect  to  a  line  through  the 
center  of  gravity  and  parallel  to  the  short  side. 

The  amount  of  inertia  of  the  large  rectangle  with  respect  to 
the  named  axis  (see  Art.  52)  is: 


J^(5X10^)  =  410|; 


A 


o 

CO 


Ci^ 


lb 


IB 

Fig.  31. 

and  the  moment  of  inertia  of  the  smaller  one  with  respect  to  the 
same  axis  is: 

tV(4:X8=)  =  170§; 

hence  the  moment  of  inertia  of  the  hollow  section  with  respect 
to  the  axis  is: 

416|  -  170|  =  246  inches". 
EXAMPLES  FOR  PRACTICE. 

1.  Compute  the  moment  of  inertia  of  the  section  repre- 
sented in  Fig,  31,  a,  about  the  axis  AA,  it  being  3.0S  inches 
from  the  top.  Given  also  that  the  area  of  one  angle  section  is 
5.06  square  inches,  its  center  of  gravity  C  (Fig.  31,  h)  l.GG  inches 
from  the  top,  and  its  moment  of  inertia  with  respect  to  the  axis  aa 
17.68  inches*.  Ans.     145.8  inches*. 

2=     Compute  the  moment  of  inertia  of  the  section  of  Fig.  31,  a, 
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with  respect  to  the  axis  BB.  Given  that  distance  of  the  center 
of  gravity  of  one  angle  from  one  side  is  1.66  inches  (see  Fig.  Sl.h), 
and  its  moment  of  inertia  with  respect  to  hh  17.68  inches. 

Ans.  77.618  inchest 
55.  Table  of  Centers  of  Gravity  and  noments  of  Inertia. 
Column  2  in  Table  A  below  gives  the  formula  for  moment  of 
inertia  with  respect  to  the  horizontal  line  through  the  center  of 
gravity.  The  numbers  in  the  third  column  are  explained  in  Art. 
62;  and  those  in  the  fourth,  in  Art.  80. 

TABLE  A. 

Moments  of  Inertia,   Section  Moduli,  and  Radii  of  Gyration. 

In  each  case  the  axis  is  horizontal  and  passes  through  the  center  of  gravity. 
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STRENGTH  OF  BEAMS. 

56.     Kinds  of  Loads  Considered.     The  loads  that  arc  applied 

to  a  horizontal  beam  are  usually  vertical,  but  sometimes  forces  are 

applied  otherwise  than  at  right  angles  to  beams.     Forces  acting  on 

beams  at  right  angles  are  called  transverse   forces ;  those  applied 
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TABLE  B. 

Shear  Diagrams  (b)  and  Moment  Diagrams  (c)  for  Eight  Different  Cases  (a). 
Also    Values  of   Maximum   Shear  (V),    Bending   floment  (M),  and    Deflection    (d). 
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/K.        » 


V=:P,   M=P1,  d=Pl3-f-3EI. 
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V=W,    M=>^W1,    d=Wl3-i-8EI. 
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V=Pa^l,     M==Pab-4-l, 


V=3^P,     M=i/8P1,    d=Pl3-4-192EI. 
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parallel  to  a  beam  are  called  longitudinal  forces ;  and  others  are 
called  inclined  forces.  For  the  present  we  deal  only  with  beams 
subjected  to  transverse  forces  (loads  and  reactions). 

57.  Neutral  Surface,  Neutral  Line,  and  Neutral  Axis.  When 
a  beam  is  loaded  it  may  be  wholly  convex  up  (concave  down),  as  a 
cantilever;  wholly  convex  down  (concave  up),  as  a  simple  beam 
on  end  supports;  or  partly  convex  up  and  partly  convex  down,  as 
a  simple  beam  with  overhanging  ends,  a  restrained  beam,  or  a  con- 


nf 


Fig.  32. 

tinuous  beam.  Two  vertical  parallel  lines  drawn  close  together  on 
the  side  of  a  beam  before  it  is  loaded  will  not  be  parallel  after  it 
is  loaded  and  bent.  If  they  are  on  a  convex-down  portion  of  a 
beam,  they  will  be  closer  at  the  top  and  farther  apart  below  than 
when  drawn  (Fig.  32a),  and  if  they  are  on  a  convex-up  portion, 
they  will  be  closer  below  and  farther  apart  above  than  when  drawn 
(Fig.  32h). 

The  "fibres  "  on  the  convex  side  of  a  beam  are  stretched  and 
therefore  under  tension,  while  those  on  the  concave  side  are  short- 
ened and  therefore  under  compression.  Obviously  there  must  be 
some  intermediate  fibres  which  are  neither  stretched  nor  shortened, 
i.  e.,  under  neither  tension  nor  compression.  These  make  up 
a  sheet  of  fibres  and  define  a  surface  in  the  beam,  which  surface  is 
called  the  neutral  surface  of  the  beam.  The  intersection  of  the 
neutral  surface  with  either  side  of  the  beam  is  called  the  neutral 
line,  and  its  intersection  with  any  cross-section  of  the  beam  is 
called  the  neutral  axis  of  that  section.  Thus,  if  ah  is  a  fibre  that 
has  been  neither  lengthened  nor  shortened  with  the  bending  of  the 
beam,  then  nn  is  a  portion  of  the  neutral  line  of  the  beam;  and, 
if  Fig.  32c  be  taken  to  represent  a  cross-section  of  the  beam,  NN 
is  the  neutral  axis  of  the  section. 

It  can  be  proved  that  the  neutral  axis  of  any  cross-section  of 
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a  loaded  heam  2>asses  through  the  center  of  gravity  of  that  section^ 
provided  that  all  the  forces  applied  to  the  beam  are  transverse,  and 
that  the  tensile  and  compressive  stresses  at  the  cross-section  are 
all  within  the  elastic  limit  of  the  material  of  the  beam. 

58.  Kinds  of  Stress  at  a  Cross=section  of  a  Beam.  It  has 
already  been  explained  in  the  preceding  article  that  there  are  ten- 
sile and  compressive  stresses  in  a  beam,  and  that  the  tensions  are 
on  the  convex  side  of  the  beam  and  the  compressions  on  the  con- 
cave (see  Fig.  33).  The  forces  T  and  C  are  exerted  upon  the 
portion  of  the  beam  represented  by  the  adjoining  portion  to  the 
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Fig.  33, 


right  (not  shown).  These,  the  student  is  reminded,  are  often  called 
fibre  stresses. 

Besides  the  fibre  stresses  there  is,  in  general,  a  shearing  stress 
at  every  cross-section  of  a  beam.     This  may  be  proved  as  follows: 

Fig.  34  represents  a  simple  beam  on  end  supports  which  has 
actually  been  cut  into  two  parts  as  shown.  The  two  parts  can 
maintain  loads  when  in  a  horizontal  position,  if  forces  are  applied 
at  the  cut  ends  equivalent  to  the  forces  that  would  act  there  if  the 
beam  were  not  cut.  Evidently  in  the  solid  beam  there  are  at  the 
section  a  compression  above  and  a  tension  below,  and  such  forces 
can  be  applied  in  the  cut  beam  by  means  of  a  short  block  C  and  a 
chain  or  cord  T,  as  shown.  The  block  furnishes  the  compressive 
forces  and  the  chain  the  tensile  forces.  At  first  sight  it  appears  as 
if  the  beam  would  stand  up  under  its  load  after  the  block  and 
chain  have  been  put  into  place.  Except  in  certain  cases*,  how- 
ever, it  would  not  remain  in  a  horizontal  position,  as  would  the 


*  When  the  external  shear  for  the  section  is  zero. 
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solid  beam.  This  shows  that  the  forces  exerted  by  the  block  and 
chain  ( horizontal  compression  and  tension  )  are  not  equivalent  to 
the  actual  stresses  in  the  solid  beam.  What  is  needed  is  a  vertical 
force  at  each  cut  end. 

Suppose  that  R,  is  less  than  Lj  +l'2  +  ^6^gli^  o^  ^5  ''"•  ^-i  ^^^^ 
the  external  shear  for  the  section  is  negative;  then,  if  vertical  pulls 
be  applied  at  the  cut  ends,  upward  on  A  and  downward  on  B,  the 
beam  will  stand  under  its  load  and  in  a  horizontal  position,  just  as 
a  solid  beam.  These  pulls  can  be  supplied,  in  the  model  of  the 
beam,  by  means  of  a  cord  S  tied  to  two  brackets  fastened  on  A  and 
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Fig.  35. 


B,  as  shown.  In  the  solid  beam  the  two  parts  act  upon  each 
other  directly,  and  the  vertical  forces  are  shearing  stresses,  since 
they  act  in  the  plane  of  the  surfaces  to  which  they  are  applied. 

59.  Relation  Between  the  Stress  at  a  Section  and  the  [.cads 
and  Reactions  on  Either  Side  of  It.  Let  Fig.  35  represent  the 
portion  of  a  beam  on  the  left  of  a  section ;  and  let  Rj  denote  the 
left  reaction;  Lj  and  L.,  the  loads;  W  the  weight  of  the  left  part; 

C,  T,  and  S  the  compression,  tension,  and  shear  respectively  which 
the  right  part  exerts  upon  the  left. 

Since  the  part  of  the  beam  here  represented  is  at  rest,  all  the 
forces  exerted  upon  it  are  balanced;  and  when  a  number  of  hori- 
zontal and  vertical  forces  are  balanced,  then 

1.  The  algebraic  sum  of  the  horizontal  forces  equals  zero. 

2.  "  "  "      "    "    vertical  "  "        " 

3.  "  "  "  "  "  moments  of  all  the  forces  with  respect  to 
any  point  equals  zero. 

To  satisfy  condition  1,  since  the  tension  and  compression  are 

the  only  horizontal  forces,  the  tension  must  equal  the  compression. 

To  satisfy  condition  2,  S  (the  internal  shear)  must  equal  the 
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algebraic  sum  of  all  the  other  vertical  forces  on  the  portion,  that 
is,  must  equal  the  external  shear  for  the  section;  also,  S  must  act 
up  or  down  according  as  the  external  shear  is  negative  or  positive. 
In  other  words,  briefly  expressed,  the  internal  and  external  shears 
at  a  section  are  equal  and  opposite. 

To  satisfy  condition  3,  the  algebraic  sum  of  the  moments  of 
the  fibre  stresses  about  the  neutral  axis  must  be  equal  to  the  sum 
of  the  moments  of  all  the  other  forces  acting  on  the  portion  about 
the  same  line,  and  the  signs  of  those  sums  must  be  opposite.  (The 
moment  of  the  shear  about  the  neutral  axis  is  zero.)  Now,  the 
sum  of  the  moments  of  the  loads  and  reactions  is  called  the  bend- 
ing moment  at  the  section,  and  if  we  use  the  term  resisting  mo= 
merit  to  signify  the  sum  of  the  moments  of  the  fibre  stresses  (ten- 
sions and  compressions  )  about  the  neutral  axis,  then  we  may  say 
briefly  that  the  resisting  and,  the  bending  vioments  at  a  section  are 
eqiial,,  and  the  tv:o  moments  are  opposite  in  sign. 

60.  The  Fibre  Stress.  As  before  stated,  the  fibre  stress  is 
not  a  uniform  one,  that  is,  it  is  not  uniformly  distributed  over  the 
section  on  which  it  acts.  At  any  section,  the  compression  is  most 
"intense"  (or  the  unit-compressive  stress  is  greatest)  on  the  con- 
cave  side;  the  tension  is  most  intense  (or  the  unit-tensile  stress  is 
greatest)  on  the  convex  side;  and  the  unit-compressive  and  unit- 
tensile  stresses  decrease  toward  the  neutral  axis,  at  which  place  the 
unit-fibre  stress  is  zero. 

If  the  fibre  stresses  are  within  the  elastic  limit,  then  the  two 
straight  lines  on  the  side  of  a  beam  referred  to  in  Art.  57  will  still 
be  straight  after  the  beam  is  bent;  hence  the elono-ations  and  short- 
enings  of  the  fibres  vary  directly  as  their  distance  from  the  neutral 
axis.  Since  the  stresses  (if  within  the  elastic  limit)  and  deforma- 
tions in  a  given  material  are  proportional,  the  unit-fibre  stress 
varies  as  the  distance  from  the  neutral  axis. 

Let  Fig.  36«  represent  a  portion  of  a  bent  beam,  365  its  cross- 
section,  nn  the  neutral  line,  and  NJ^  the  neutral  axis.  The  way 
in  which  the  unit-fibre  stress  on  the  section  varies  can  be  rep- 
resented graphically  as  follows:  Lay  off  ac^  by  sotne  scale,  to 
represent  the  unit-fibre  stress  in  the  top  fibre,  and  join  c  and  n. 
extending  the  line  to  the  lower  side  of  the  beam ;  also  make  'b<^  equal 
to  be"  and  draw  nc'.  Then  the  arrows  represent  the  unit-fibre 
stresses,  for  their  lengths  vary  as  their  distances  from  the  neutral  axis. 
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6i.  Value  of  the  Resisting  Moment.  If  S  denotes  the  unit- 
fibre  stress  in  the  fibre  farthest  from  the  neutral  axis  (the  greatest 
unit-fibre  stress  on  the  cross-section),  and  c  the  distance  from  the 
neutral  axis  to  the  remotest  fibre,  while  S,,  S.,,  S3,  etc.,  denote  the 
uni\,-fibre  stresses  at  points  whose  distances  from  the  neutral  axis 
are,  respectively,  y„  y^,  y^,  etc.   (see  Fig.  3CJ),  then 


S 


Also, 
Let  a. 


01'  S,  =  —  2/j 

b,  =  —  2/3?  6^^- 


((.s  a. 


S   :  S,   ::  t   :  y, 

c   "-'  c 

etc.,  be  the  areas  of  the  cross-sections  of  the  fibres 

d..    S    c 


whose  distances  from  the  neutral  axis  are,  respectively,  y,,  y.,^  y^, 
etc.     Then  the  stresses  on  those  fibres  are,  respectively, 

Sj  rtj,  S2  a,^,  S3  a^,  etc.; 

S  S  S 

or,  7-^^^^"   '^^■^^'2,   -Vzfh^  etc. 

The  arms  of  these  forces  or  stresses  with  respect  to  the  neutrai  axis 
are,  respectively,  2/1,  y.,  2/3?  etc.;  hence  their  moments  are 

s"    ,  s     ,    s 

-  «'i!/n  —  tt-Hi^     -  ^hVl-,   etc., 
and  the  sum  of  the  moments  (that  is,  the  resisting  moment)  is 

"T-^'i  2/1  +--«2  y\  +  etc.  =—-(«.  y\  ^a^yl  +  etc.) 

Kow  «,  y\  -\r  «2  yl  +  etc.  is  the  sum  of  the  pi'oducts  obtained  by 
multiplying  each  infinitesimal  part  of  the  area  of  the  cross-section 
by  the  square  of  its  distance  from  the  neutral  axis;  hence,  it  is  the 
moment  of  inertia  of  the  cross-section  with  respect  to  the  neutral 
axis.    If  this  moment  is  denoted  by  I,  then  the  value  of  the  resist- 

,.    SI 
incr  moment  is  — 
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BJ-ACKSMITH  SHOP  AT  PENSHURST,  ENGLAND 


BOTCHER  SHOP  AT  PENSHURST,  ENGLAND 

These  Two  Illustrations  Show  What  Attractive  Dwellings  Some  Mechanics  Have  in  the  Country 

Districts  of  England. 


STRENGTH  OF  MATERIALS, 

PART  11. 


STRENGTH  OF  BEAnS===(ConcIuded). 

62.  First  Beam  Formula.  As  shown  in  the  preceding 
article,  the  resisting  and  bending  moments  for  any  section  of  a 
beam  are  equal;  hence 

~  =  M,  (6) 

all  the  symbols  referring  to  the  same  section.  This  is  tlie  most 
important  formula  relating  to  beams,  and  will  be  called  the  "  first 
beam  formula." 

The  ratio  I  -4-  c  is  now  quite  generally  called  the  section 
modulus.  Observe  that  for  a  given  beam  it  depends  only  on  the 
dimensions  of  the  oross-section,  and  not  on  the  material  or  any- 
thing else.  Since  I  is  the  product  of  four  lengths  (see  article  51), 
I  -f-  c  is  the  product  of  three;  and  hence  a  section  modulus  can  be 
expressed  in  units  of  volume.  The  cubic  inch  is  practically  always 
used;  and  in  this  connection  it  is  written  thus,  inchest  See  Table 
A,  page  54,  for  values  of  the  section  moduli  of  a  few  simple  sections. 

63.  Applications  of  the  First  Beam  Formula.  There  are 
three  principal  applications  of  equation  6,  which  will  now  be  ex- 
plained and  illustrated. 

64.  First  Aj'tplicatlon.  The  dimensions  of  a  beam  and  its 
manner  of  loading  and  support  are  given,  and  it  is  recpiired  to 
compute  the  greatest  unit-tensile  and  compressive  stresses  in  the 
beam. 

This  problem  can  be  solved  by  means  of  equation  0,  written 
in  this  form, 

Unless  otherwise  stated,  we  assume  that  the  beams  are  uniform 
in  cross-section,  as  they  usually  are;  then  the  section  modulus 
(I-=-c)  is  the  same  for  all  sections,  and  S  (the  unit-libre  stress  on 


71 


62  STRENGTH  OF  MATERIALS 

the  remotest  fibre)  varies  just  as  M  varies,  and  is  therefore  greatest 
where  M  is  a  maximum.*  Hence,  to  compute  the  value  of  the 
greatest  unit-fibre  stress  in  a  given  case,  suhstitute  the  values  of 
the  section  modulus  and  the  inaximuin  lending  moment  hi  the 
'preceding  equation^  and  reduce. 

If  the  neutral  axis  is  equally  distant  from  the  highest  and  low- 
est fibres,  then  the  greatest  tensile  and  compressive  unit-stresses 
are  etjual,  and  their  value  is  S.  If  the  neutral  axis  is  unequally 
distant  from  the  hiohest  and  lowest  fibres,  let  c  denote  its  distance 
from  the  nearer  of  the  two,  and  S'  the  unit-fibre  stress  there. 
Then,  since  the  unit-stresses  in  a  cross-section  are  proportional  to 
the  distances  from  the  neutral  axis, 

S'  c'  c' 

-FT  =  — ,  or  S  =  — S. 

be-  G 

If  the  remotest  fibre  is  on  the  convex  side  of  the  'beam,  S  is  tensile 
and  S'  compressive;  if  the  remotest  fibre  is  on  the  concave  side,  S 
is  compressive  and  S'  tensile. 

Examples.  1.  A  beam  10  feet  long  is  supported  at  its  ends, 
and  sustains  a  load  of  4,000  pounds  two  feet  from  the  left  end 
(Fig.  37,  «),  If  the  beam  is  4  X  12  inches  in  cross-section  (the 
long  side  vertical  as  usual),  compute  the  maximum  tensile  and 
compressive  unit-stresses. 

The  section  modulus  of  a  rectano-le  whose  base  and  altitude 
are  h  and  a  respectively  (see  Table  A,  page  54),  is  \ba^\  hence, 
for  the  beam  under  consideration,  the  modulus  is 

-^  X  4  X  12'  =  96  inchesl 
() 

To  compute  the  maximum  bending  moment,  we  have,  first,  to  find 
the  dangerous  section.  This  section  is  where  the  shear  chang-es 
sign  (see  article  45);  hence,  we  have  to  construct  the  shear  dia- 
gram, or  as  much  thereof  as  is  needed  to  find  where  the  change  of 
sign  occurs.  Therefore  we  need  the  values  of  the  reaction. 
Neglecting  the  weight  of  the  beam,  the  moment  equation  with 
origin  at  C  (Fig.  37,  «)  is 

R,  X  10  -  4,000  X  8  =^  0,  or  R,  =  3,200  pounds 

*  Note.    Because  S  is  greatest  in  the  section  where  M  is  maximum,  this 
section  is  usually  called  the  "  dangerous  section  "  of  the  beam. 
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Then,  constructing  the  shear  diagram,  we  see  (Fig.  37,  h)  that  the 
change  of  sign  of  the  shear  (also  the  dangerous  section)  is  at  the 
load.     The  value  of  the  bendincr  moment  there  is 

3,200  X    2  =    6,400  foot-pounds, 
or  6,400  X  12  =  76,800  inch-pounds. 

Substituting  in  equation  0',  we  find  that 

76,800      ^^^ 
— ^tt; —  =  800  pounds  per  square  inch. 

4oooltas. 


n*^^(a) 


s  = 


c'(b) 


c"  (c) 


Fig.  37. 

2.     It  is  desired  to  take  into  account  the  weight  of  the  beam 
in  the  preceding  example,  supposing  the  beam  to  be  wooden. 
The  volume  of  the  beam  is 

4  X  12 

— TTi—  X  10  :=  3^^  cubic  feet; 

and  supposing  the  timber  to  weigh  45  pounds  per  cubic  foot,  the 
beam  weighs  150,  pounds  (insignificant  compared  to  the  load). 
The  left  reaction,  therefore,  is 


3,200  +(-2-X  150)  =  3,275  ; 
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and  the  shear  diagram  looks  like  Fig.  37,  c,  the  shear  changing 
sio-n  at  the  load  as  before.  The  weight  of  the  beam  to  the  left  of 
the  dangerous  section  is  30  pounds;  hence  the  maximum  bending 
moment  equals 

3,275  X     2  -  30  X  1  =    6,520  foot-pounds, 

or  6,520  X  12  =  78,240  inch-pounds. 

Substituting  in  equation  6',  we  find  that 

78  240 
S  =  — ^. —  =  815  pounds  per  square  inch. 

The  weight  of  the  beam  therefore  increases  the  unit- stress  pro- 
duced by  the  load  at  the  dangerous  section  by  15  pounds  per 
square  inch. 

3.     A  T-bar  (see  Fig.  38)  8  feet  long  and  supported  at  each 
I  \'W~    6iiclj    bears    a  uniform    load    of    1,200 

_dis^  pounds.     The  moment  of  inertia  of  its 
cross-section  with   respect  to    the  neu- 
cO       tral  axis    being  2.42    inches*,   compute 
w       the  maximum  tensile  and  compressive 
— i-     unit-stresses  in  the  beam 


N-. 


''■     *  Evidently    the    dangerous    section 

is  in  the  middle,  and  the  value  of  the  maximum  bendino-  moment 
(see  Table  B,  page  55,  Part  I)  is  ^  W/,  W  and  I  denoting  the  load 
and  length  respectively.     Here 

—  ■Wl=—.X  1,200  X  8  =  1,200  foot-pounds, 

or  1,200  X  12  =  14,400  inch-pounds. 

The  section  modulus  equals  2.42  -^  2.28  =  1.06;  hence 

^,       14,400       _ 

S  =     ..      .  ■  =  13,585  pounds  per  square  inch. 

This  is  the  unit-fibre  stress  on  the  lowest  fibre  at  the  middle  sec- 
tion, and  hence  is  tensile.  On  the  highest  fibre  at  the  middle 
section  the  unit-stress  is  compressive,  and  equals  (see  page  02): 

c'  0.72 

S'  =  —  S  ==  g-^  X  13,585  =  4,290  pounds  per  square  inch. 
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EXAMPLES   FOR  PRACTICE. 

1.  A  beam  12  feet  long  and  6  X  12  inches  in  cross-section 
rests  on  end  supports,  and  sustains  a  load  of  3,000  pounds  in  the 
middle.  Compute  the  greatest  tensile  and  compressive  unit- 
stresses  in  the  beam,  neglectino;  the  weight  of  the  beam. 

Ans.     750  pounds  per  square  inch. 

2.  Solve  the  preceding  example  taking  into  account  the 
weight  of  the  beam,  800  pounds 

Ans.     787.5  pounds  per  square  inch. 

3.  Suppose  that  a  built-in  cantilever  projects  5  feet  from  the 
wall  and  su.stains  an  end  load  of  250  pounds.  The  cross -section  of 
the  cantilever  being  represented  in  Fig.  38,  compute  the  greatest 
tensile  and  compressive  unit-stresses,  and  tell  at  what  places  they 
occur.      (Neglect  the  weight.) 

j  Tensile,  4,171  pounds  per  square  inch. 

I  Compressive,  11,150        " 

4.  Compute  the  greatest  tensile  and  compressive  unit-stresses 
in  the  beam  of  Fig.  IS,  (f,  due  to  the  loads  and  the  weight  of  beam 
(400  pounds).  (A  moment  diagram  is  represented  in  Fig.  18,  J; 
for  description  see  example  2,  Art.  44,  p.  30.)  The  section  of 
the  beam  is  a  rectangle  8  X  12  inches. 

Ans.     580  pounds  per  square  inch. 

5.  Compute  the  greatest  tensile  and  compressive  unit-stresses 
in  the  cantilever  beam  of  Fio;.  10,  a,  it  being-  a  steel  I-beam  whose 
section  modulus  is  20.4  inchest  (A  bending  moment  diagram  for 
it  is  represented  in  Fig,  19,  I;  for  description,  see  Ex.  3,  Art.  44.) 

Ans.     11,470  pounds  per  square  inch. 

6.  Compute  the  greatest  tensile  and  compressive  unit-stresses 
in  the  beam  of  Fior,  10,  neglecting  its  weight,  the  cross-sections 
being  rectangular  0  X  12  inches.  (See  example  for  practice  1, 
Art.  43.) 

Ans.     GOO  pounds  per  square  inch. 

65.  Second  Ap2)lication:  The  dimensions  and  the  work- 
ing strengths  of  a  beam  are  given,  and  it  is  required  to  determine 
its  safe  load  (the  manner  of  application  being  given). 

This  problem  can  be  solved  by  means  of  equation  (3  written 
in  this  form, 

M^-  (6") 

c 
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We  substitute  for  S  tlie  given  working  strength  for  the  ma- 
terial of  the  beam,  and  for  I  and  c  their  values  as  computed  from 
the  given  dimensions  of  the  cross-section;  then  reduce,  thus 
obtaining  the  value  of  the  safe  resisting  moment  of  the  beam, 
which  equals  the  greatest  safe  bending  moment  that  the  beam  can 
stand.  We  next  compute  the  value  of  the  maximum  bending 
moment  in  terms  of  the  unknown  load;  equate  this  to  the  value 
of  the  resisting  moment  previously  found;  and  solve  for  the 
unknown  load. 

In  cast  iron,  the  tensile  and  compressive  strengths  are  very 
different;  and  the  smaller  (the  tensile)  should  always  be  used  if 
the  neutral  surface  of  the  beam  is  midway  between  the  top  and 
bottom  of  the  beam;  but  if  it  is  unequally  distant  from  the  top 
and  bottom,  proceed  as  in  example  4,  following. 

Examples.  1.  A  wooden  beam  12  feet  long  and  6  X  12 
inches  in  cross-section  rests  on  end  supports.  If  its  working 
strength  is  800  pounds  per  square  inch,  how  large  a  load  uniformly 
distributed  can  it  sustain  ? 

The  section  modulus  is  \l)Ct^^  h  and  a  denoting  the  base  and 
altitude  of  the  section  (see  Table  A,  page  54);  and  here 

i  la^  =^-X  6  X  12^  =  144  inches^ 
b  b 

Hence  S  —  =  800  X  144  =  115,200  inch-pounds. 

For  a  beam  on  end  supports  and  sustaining  a  uniform  load,  the 
maximum  bending  moment  equals  gWZ  (see  Table  B,  page  55), 
W  denoting  the  sum  of  the  load  and  weight  of  beam,  and  I  the 
length.     If  W  is  expressed  in  pounds,  then 

—  ^l  =  -■^Y  X  12  foot-pounds  =  -  W  X  144  inch -pounds, 
o  o  ^  o 

Hence,  equating  th<^  two  values  of  maximum  bending  moment 
and  the  safe  resisting  moment,  we  get 

^W  X  144  =  115,200; 

o 

^        115,200  X  8        ^  ,^^ 
or,  W  =  '-j^ =  6,400  pounds. 
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The  safe  load  for  the  beam  is  0.4:00  pounds  minus  the  weight  of 
the  beam. 

2.  A  steel  I-beam  whose  section  modulus  is  20.4:  inches' 
rests  on  end  supports  15  feet  apart.  Neglecting  the  weight  of  the 
beam,  how  large  a  load  may  be  placed  upon  it  5  feet  from  one  end, 
if  the  working  strength  is  16,000  pounds  per  square  inch? 

The  safe  resistino;  moment  is 


SI 


=  1G,000  X  20.4  =  326,400  inch-pounds; 


hence  the  bending  moment  must  not  exceed  that  value.  The 
dangerous  section  is  under  the  load;  and  if  P  denotes  the  unknown 
value  of  the  load  in  pounds,  the  maximum  moment  (see  Table  B, 
page  55,  Part  I)  equals  |  P  X  5  foot-pounds,  or  §  P  X  60  inch- 
pounds.     Equating  values    of    bending    and    resisting   moments, 


we  get 


or. 


-  P  X  60  =  326,400; 
_      320,40D  X  3 


2X60       =  ^'^^'^  1*^^^"^^^- 


3.     In  the   preceding  example,    it   is  required    to   take  into 
account  the  weight  of  the  beam.  375  pounds. 


5'- 


lO- 


R. 


■W=  3751105. 


Fig.  39. 


As  we  do  not  know  the  value  of  the  safe  load,  we  cannot  con- 
struct the  shear  diagram  and  thus  determine  where  the  dangerous 
section  is.  But  in  cases  like  this,  where  the  distributed  load  (the 
weight)  is  small  compared  with  the  concentrated  load,  the  dan- 
gerous section  is  practicallj  always  where  it  is  under  the  concen- 
trated load  alone;  in  this  case,  at  the  load.  The  reactions  due  to 
the  weight  equal  ^  X  375  =  187.5;  and  the  reactions  due  to  the 
load  equal  1  P  and  |  P,  P  denoting  the  value  of  the  load.  The 
larger  reaction  Ej    (Fig.  39)  hence  equals  f  P  +  187.5.     Since 
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the  weight  of  tlie  beam  per  foot  is  375  -^  15  =  25  pounds,  the 
maximum  bending  inoment  (at  the  load)  equals 

(  J  P  +  1S7.5)  5-  (25  X  5) 
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^  P  +  937.5  -  312.5  =  ^  P  +  G25. 

o  o 

This  is  in  foot-pounds  if  P  is  in  pounds. 

The  safe  resisting  moment  is  the  same  as  in  the  preceding 
illustration,  326,400  inch-pounds;  hence 

(^  P  +  625)  12  =  326,400. 
Solvin£T  for  P,  we  have 

10P  +  625X  3  =  «5M2i2ii=  81,600; 

10  P  =  79,725; 

or,  P  :=  7,972.5  pounds. 

It  remains  to  test  our  assumption  that  the  dangerous  section 
is  at  the  load.  This  can  be  done  by  computing  Ilj  (with  P  = 
7,972.5),  constructing  the  shear  diagram,  and  noting  where  the 
shear  changes  sign.  It  will  be  found  that  the  shear  changes  sign 
at  the  load,  thus  verifying  the  assumption. 

4.  A  cast-iron  built-in  cantilever  beam  projects  8  feet  from 
the    wall.     Its    cross-section    is  represented  in  Fig.  40,  and   the 

moment  of  inertia  with  respect  to 

I  ~in  the  neutral  axis  is  50  inches*;  the 


N 


-Sf  _j.j  working  strengths  in  tension  and 

=1  compression  are  2,000  and  9,000 

i-'  pounds  per   square  inch   respect- 

■^ —  ively.     Compute  the  safe  uniform 


Fig.  40. 

load  which  the  beam  can  sustain, 

neglecting  the  weight  of  the  beam. 

The  beam  being  convex  up,  the  upper:,  fibres  are  in  tension 

and  the  lower  in  compression.     The  resisting  moment  (SI  -^  c), 

as  determined  by  the  compressive  strength,  is 
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9,000  X  50        ,  ,^^,^  .     , 

27^ ^  100,000  inch-pounds; 

and  the  resisting  moment,  as  determined  by  the  tensile  strength,  is 

2,000  X  50 

(P~ =  40.000  inch-pounds. 

Hence  the  safe  resisting  moment  is  the  lesser  of  these  two,  or 
40,000  inch-pounds.  The  dangerous  section  is  at  the  wall  (see 
Table  B,  page  55),  and  the  value  of  the  maximum  bending 
moment  is  ^  W/,  W  denoting  the  load  and  I  the  length.  If  W  is 
in  pounds,  then 

M  =  I  W  X  8  foot-pounds  =  ^  W  X  9G  inch-pounds. 

Equating  bending  and  resisting  moments,  we  have 

— W  X  96  =  40,000; 

,,,       40,000  X  2 
or,  W  =  -— =  833  pounds. 

EXAMPLES   FOR   PRACTICE. 

1.  An  8  X  8-inch  timber  projects  8  feet  from  a  wall.  If  its 
working  strength  is  1,000  pounds  per  square  inch,  how  large  an 
end  load  can  it  safely  sustain  ? 

Ans.     890  pounds. 

2.  A  beam  12  feet  long  and  8  X  16  inches  in  cross-section, 
on  end  supports,  sustains  two  loads  P,  each  3  feet  from  its  ends 
respectively.  The  working  strength  being  1,000  pounds  per  square 
inch,  compute  P  (see  Table  B,  page  55). 

Ans.     9,480  pounds. 

3.  An  I-beam  weighing  25  pounds  per  foot  rests  on  end 
supports  20  feet  apart.  Its  section  modulus  is  20.4  inches^,  and 
its  working  strength  16,000  pounds  per  square  inch.  Compute 
the  safe  uniform  load  which  it  can  sustain. 

Ans.      10,880  pounds- 
66.     Third  A2)]^)Jk'ation.     The   loads,  manner   of   support, 
and  working  strength  of  beam  are  given,  and  it  is  required  to  de- 
termine  the   size   of   cross-section    necessary  to   sustain    the   load 
safely,  that  is,  to  "  design  the  beam." 
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To  solve  this  problem,  we  use  the  first  beam  formula  (equation 
6).  written  in  this  form, 

2   _M.  (6'") 

c  S 

We  first  determine  the  maximum  bending  moment,  and  then  sub- 
stitute its  value  for  M,  and  the  working  strength  for  S.  Then  we 
have  the  value  of  the  section  modulus  (I  -f-  c)  of  the  required 
beam.  Many  cross-sections  can  be  designed,  all  having  a  given 
section  modulus.  Which  one  is  to  be  selected  as  most  suitable  will 
depend  on  the  circumstances  attending  the  use  of  the  beam  and 
on  considerations  of  economy. 

Examj)le8.  1.  A  timber  beam  is  to  be  used  for  sustaining 
a  uniform  load  of  1,500  pounds,  the  distance  between  the  supports 
being  20  feet.  If  the  working  strength  of  the  timber  is  1,000  pounds 
per  square  inch,  what  is  the  necessary  size  of  cross-section  ? 

The  dancrerous  section  is  at  the  middle  of  the  beam:  and  the 
maximum  bending  moment  (see  Table  B,  page  55)  is 

—  WZ  =  -7-  X  1,500  X  20  =  3,750  foot-pounds, 

o  o 

or  3,750  X  12  =  45,000  inch-pounds. 

Hence        '  —  =     ^\,,,,,  =  45  inches^. 

c  1,UU0 

Now  the  section  modulus  of    a  rectangle    is  \lja^  (see  Table  A, 

page  54,  Part  I);  therefore,  Ihcr'  ^  45,  or  ha^  =  270. 

Any  wooden  beam  (safe  strength  1,000  pounds  per  square 
inch)  whose  breadth  times  its  depth  square  equals  or  exceeds  270, 
is  strong  enough  to  sustain  the  load  specified,  1,500  pounds. 

To  determine  a  size,  we  may  choose  any  value  for  h  or  a,  and 
solve  the  last  equation  for  the  unknown  dimension.  It  is  best, 
however,  to  select  a  value  of  the  breadth,  as  1,  2,  3,  or  4  inches, 
and  solve  for  a.     Thus,  if  we  try  Ij  =  1  inch,  we  have 

a^  =  270,  or  a  =  16.43  inches. 
This  would  mean  a  board  1  X  18  inches,  which,  if  used,  would 
have  to  be  supported  sidewise  so  as  to  prevent  it  from  tipping  or 
"  buckling."     Ordinarily,  this  would  not  be  a  good  size. 

Next  try  J  =  2  inches;  we  have 
2  X  «'  =  270;  ora=  i/270  -4-  2   =  11.02  inches. 
This  would  require  a  plank  2  X  12,  a  better  proportion  than  the 
first.     Trying  h  =  ^  inches,  we  have 


80 


STRENGTH  OF  MATERIALS  71 

3  X  «'  =  270;  or  a  --=  i/270  ^  8   =  9.40  inches. 
This  would  require  a  plank  3  X  10  inches;  and  a  choice  between 
a  2  X  12  and  a  3  X  10  plank  would  be  governed  by  circumstances 
in  the  case  of  an  actual  construction. 

It  will  be  noticed  that  we  have  neglected  the  weio-ht  of  the 
beam.  Since  the  dimensions  of  wooden  beams  are  not  fractional, 
and  we  have  to  select  a  commercial  size  next  larger  than  th«  one 
computed  (12  inches  instead  of  11.62  inches,  for  example),  the 
additional  depth  is  usually  sufficient  to  provide  strength  for  the 
weight  of  the  beam.  If  there  is  any  doubt  in  the  matter,  we  can 
settle  it  by  computing  the  maximum  bending  moment  including 
the  weight  of  the  beam,  and  then  computing  the  greatest  unif'-fibre 
stress  due  to  load  and  weight.  If  this  is  less  than  the  safe  strHn^th, 
the  section  is  large  enough;  if  greater,  the  section  is  too  small. 

Thus,  let  us  determine  whether  the  2  X  12-inch  plank  is 
strong  enough  to  sustain  the  load  and  its  own  weight.  The  plank 
will  weigh  about  120  pounds,  making  a  total  load  of 

1,500  +  120  =  1,620  pounds. 

Hence  the  maximum  bending  moment  is 

_iw/  =  ^1,620  X  20  X  12  =  48,600  inch-pounds. 

Since       —  =  -77- ha~  = -:-X  2  X  12"  =  48,  and  S  =  t— - , 

48,600  . 

b  =  -r^    =  l,Ulo  pounds  per  square  inch. 

Strictly,  therefore,  the  2  X  12-inch  plank  is  not  large  enough;  but 
as  the  greatest  unit-stress  in  it  would  be  only  13  pounds  per  square 
inch  too  large,  its  use  would  be  permissible, 

2.  What  size  of  steel  I-beam  is  needed  to  sustain  safely  the 
loading  of  Fig.  9  if  the  safe  strength  of  the  steel  is  16,000  jwunds 
per  square  inch  ? 

The  maximum  bending  moment  due  to  the  loads  was  found 
in  example  1,  Art,  43,  to  be  8,800  foot-pounds,  or  8,800  X  12  = 
105,600  inch-pounds. 

Hence  —  =     ■,,.",,,,,,  =  6,6  inches^, 

c  16,000 

That  is,  an  I-beam  is  needed  whose  section  modulus  is  a  little 
larger  than   6,6,   to  provide  strength  for  its  own  weight. 
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To  select  a  size,  we  need  a  descriptive  table  of  I-beams,  such 
as  is  published  in  handbooks  on  structural  steel. 

Below  is  an  abridged  copy  of  such  a  table.  (The  last  two  columns  con- 
tain information  for  use  later.)  The  figure  illustrates  a  cross-section  of  an 
I-beam,  and  shows  the  axes  referred  to  in  the  table. 

It  will  be  noticed  that  two  sizes  are  given  for  each  depth; 
these  are  the  lightest  and  heaviest  of  each  size  that  are  made,  but 
intermediate  sizes  can  be  secured.  In  column  5  we  find  7.3  as  the 
next  larger  section  modulus  than  the  one  required  (6  6);  and  this 
corresponds  to  a  12^-pound  6-inch  I-beam,  which  is  probablj  the 
proper  size.  To  ascertain  whether  the  excess  (7.3-6.6  =  0.70) 
in  the  section  modulus  is  sufficient  to  provide  for  the  weight  of  the 
beam,  we  might  proceed  as  in  example  1.  In  this  case,  however, 
the  excess  is  quite  large,  and  the  beam  selected  is  doubtless  safe. 

TABLE  C. 
Properties  of  Standard  NBeams 


2  - 


i! 


Section  of  beam,  showing  axes  1-1  and  2-2. 


1 

2 

3 

4 

5 

6 

Depth  of 

Weight 

Area  of  cross- 

Moment  of 

Section 

Moment  of 

Beam, 

per  foot, 

section,  in 

inertia. 

modulus, 

inertia. 

in  inches. 

in  pounds. 

square  inches. 

axis  1—1. 

axis  1—1. 

axis  3—2. 

3 

5.50 

1.63 

2.5 

1.7 

0.46 

3 

7.50 

2.21 

2.9 

1.9 

.60 

4 

7.50 

2.21 

6.0 

3.0 

.77 

4 

10.50 

3.09 

7.1 

3.6 

1.01 

5 

9.75 

2.87 

12.1 

4.8 

1.23 

5 

14.75 

4.34 

15.1 

6.1 

1.70 

6 

12.25 

3.61 

21.8 

7.3 

1.85 

6 

17.25 

5.07 

26.2 

8.7 

2.36 

7 

15.00 

4.42 

36.2 

10.4 

2.67 

7 

20.00 

5.88 

42.2 

12.1 

3.24 

8 

18.00 

5.33 

56.9 

14.2 

3.78 

8 

25.25 

7.43 

68.0 

17.0 

4.71 

9 

21.00 

6.31 

84.9 

18.9 

5.16 

9 

35.00 

10.29 

111.8 

24.8 

7.31 

10 

25.00 

7.37 

122.1 

24.4 

6.89 

10 

40.00 

11.76 

158.7 

31.7 

9.50 

12 

^1.50 

9.26 

215.8 

36.0 

9.50 

12 

40.00 

11.76 

245.9 

41.0 

10.95 

15 

42.00 

12.48 

441.8 

58.9 

14.62 

15 

60.00 

17.65 

538.6 

71.8 

18.17 

18 

55.00 

15.93 

795.6 

88.4 

21.19 

18 

70.00 

20.59 

921.2 

102.4 

24.62 

20 

65.00 

19.08 

1,169.5 

117.0 

27.86 

20 

75.00 

22.06 

1,268.8 

126.9 

30.25 

24 

80.0C> 

23.32 

2,087.2 

173.9 

42.86 

24 

100.00 

29.41 

2,379.6 

198.3 

48.55 

82 


STRENGTH  OF  MATERIALS  73 

EXAMPLES  FOR  PRACTICE. 

1.  Determine  the  size  of  a  wooden  beam  which  can  safely 
sustain  a  middle  load  of  2,000  pounds,  if  the  beam  rests  on  end 
supports  10  feet  apart,  and  its  working  strength  is  1,000  pounds 
per  square  inch.    Assume  width  0  inches. 

Ans.     6  X  10  inches. 

2.  What  sized  steel  I-beara  is  needed  to  sustain  safely  a 
uniform  load  of  200,000  pounds,  if  it  rests  on  end  supports  10 
feet  apart,  and  its  M'orking  strength  is  10,000  pounds  per  square 
inch? 

Ans.        95-pound  24-inch. 

3.  What  sized  steel  I-beam  is  needed  to  sustain  safely  the 
loading  of  Fig.  10,  if  its  working  strength  is  16,000  pounds  per 
square  inch  ? 

Ans.  14:.75-pound  5-inch. 
67.  Laws  of  Strength  of  Beams.  The  strength  of  a  beam  is 
measured  by  the  bending  moment  that  it  can  safely  withstand;  or, 
since  bending  and  resisting  moments  are  equal,  by  its  safe  resist- 
ing moment  (SI  h-  e).  Hence  the  safe  strength  of  a  beam  varies 
(1)  directly  as  the  working  fibre  strength  of  its  material,  and  (2) 
directly  as  the  section  modulus  of  its  cross-section.  For  beams 
rectangular  in  cross-section  (as  wooden  beams),  the  section  modu- 
lus is  ^ha',  h  and  a  denoting  the  breadth  and  altitude  of  the 
rectangle.  Hence  the  strength  of  such  beams  varies  also  directly 
as  the  breadth,  and  as  the  square  of  the  depth.  Thus,  doubling 
the  breadth  of  the  section  for  a  rectangular  beam  doubles  the 
strength,  but  doubling  the  depth  quadruples  the  strength. 

The  safe  load  that  a  beam  can  sustain  varies  directly  as  its 
resisting  moment,  and  depends  on  the  way  in  which  the  load  is 
distributed  and  how  the  beam  is  supported.  Thus,  in  the  first 
four  and  last  two  cases  of  the  table  on  page  55, 

hence 


M  = 

IV, 

M  = 

I  w/. 

M  -= 

ip^, 

M  = 

i  wz, 

M  = 

ip^, 

M  =  i^  Wl,  " 


P  =      SI  - 

-  Ic, 

^y  =   2SI  - 

-  ^c, 

F  ^    4SI  - 

-  l<-\ 

W  =    SSI  - 

-  Ic, 

P  =    SSI  - 

-  le, 

W  *=  12SI  - 

-  le, 
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Therefore  the  safe  load  in  all  cases  varies  inversely  with  the 
length;  and  for  the  different  cases  the  safe  loads  are  as  1,  2,  4,  8, 
8,  and  12  respectively. 

Exainjple.  What  is  the  ratio  of  the  strengths  of  a  plank  2  X 
10  inches  when  placed  edgewise  and  when  placed  flatwise  on  its 
supports  ? 

When  placed  edgewise,  the  section  modulus  of  the  plank  is 
-1  X  2  X  10'  =  33^,  and  when  placed  flatwise  it  is  \  X  1(»  X  2'  = 
6|;  hence  its  strengths  in  the  two  positions  are  as  33^  to  6| 
respectively,  or  as  5  to  1. 

EXAMPLE  FOR  PRACTICE. 

What  is  the  ratio  of  the  safe  loads  for  two  beams  of  wood, 
one  being  10  feet  long,  3  X  12  inches  in  section,  and  having  its  load 
in  the  middle;  and  the  other  8  feet  long  and  2x8  inches  in  section, 
with  its  load  uniformly  distributed. 

Ans.     As  135  to  100. 

68.  Modulus  of  Rupture.  If  a  beam  is  loaded  to  destruction, 
and  the  value  of  the  bending  moment  for  the  rupture  stage  is 
computed  and  substituted  for  M  in  the  formula  SI  -^  c  =  M,  then 
the  value  of  S  computed  from  the  equation  is  the  modulus  of 
rupture  for  the  material  of  the  beam.  Many  experiments  have 
been  performed  to  ascertain  the  moduli  of  rupture  for  different 
materials  and  for  different  grades  of  the  same  material.  The  fol- 
owing  are  fair  values,  all  in  pounds  per  square  inch : 

TABLE  D. 

Moduli  of  Rupture. 


Timber: 
Spruce 

4.000—  7,000,  average     5,000 

Hemlock 

White  pine 

Long-leaf  pine..  . . 
Short-leaf  pine.  .  . 
Douglas  spruce..  . 

White  oak 

Red  oak 

3,500      7,000,        "          4,500 
5.500    10,500,        "          8,000 
10,000    16,000,        "        12,500 
8,000     14,000,        "        10,000 
4,000    12,000,        "          8,000 
7,500    18,500,         "        13,000 
9,000    15,000,        "        11,500 

Stone  : 

Sandstone 

Limestone 

Granite 

400—  1,200, 
400      1,000. 
800      1,400. 

Cast  iron  : 

One  and  one-half  to  two  and 
cme-quarter  times  its   ulti- 
mate tensile  strength. 

Hard  steel:           * 

Varies  from  100,000  to  150,000 
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Wrouglit  iron  and  structural  steels  have  no  modulus  of  rup- 
ture, as  specimens  of  those  materials  will  "  bend  double,"  but  not 
break.  The  modulus  of  rupture  of  a  material  is  used  principally 
as  a  basis  for  determining  its  working  strength.  The  factor  of 
safety  of  a  loaded  heam  is  comjjuted  by  dividing  the  modulus 
of  rupture  of  its  material  hy  the  greatest  unit-Hhre  stress  in 
the  heam. 

69.  The  Resisting  Shear.  The  shearing  stress  on  a  cross- 
section  of  a  loaded  beam  is  not  a  uniform  stress;  that  is,  it  is  not 
uniformly  distributed  over  the  section.  In  fact  the  intensity  or 
unit-stress  is  actually  zero  on  the  highest  and  lowest  fibres  of  a 
cross-section,  and  is  greatest,  in  such  beams  as  are  used  in  prac- 
tice, on  fibres  at  the  neutral  axis.  In  the  following  article  we 
explain  how  to  find  the  maximum  value  in  two  cases — cases  which 
are  practically  important. 

70.  Second  Beam  Formula.  Let  Sg  denote  the  average 
value  of  the  unit-shearino-  stress  on  a  cross-section  of  a  loaded 
beam,  and  A  the  area  of  the  cross-section.  Then  the  value  of  the 
whole  shearing  stress  on  the  section  is  : 

Resistinn-  shear  =  S,  A. 

Since  the  resisting  shear  and  the  external  shear  at  any  section  of  a 
beam  are  equal  (see  Art.  59), 

S,A==:Y.  (7) 

This  is  called  the  "  second  beam  formula  "     It  is  used  to  investi- 
gate and  to  design  for  shear  in  beams. 

In  beams  uniform  in  cross-section,  A  is  constant,  and  Sg  is 
greatest  in  the  section  for  which  V  is  greatest.  Hence  the  great- 
est unit-shearing;  stress  in  a  loaded  beam  is  at  the  neutral  axis  of 
the  section  at  which  the  external  shear  is  a  maximum.  There  is 
a  formula  for  computing  this  maximum  value  in  any  case,  but  it 
is  not  simple,  and  we  give  a  simpler  method  for  computing  the 
value  in  the  two  practically  important  cases: 

1.  In  wooden  beams  (rectangular  or  square  in  cross-section),  the 
greatest  unit-shearing  stress  in  a  section  is  50  per  cent  larger  than  the  average 
value  Sg. 

2.  In  I-beams,  and  in  others  with  a  thin  vertical  web,  the  greatest 
unit-shearing  stress  in  a  section  practically  equals  Ss,  as  given  by  equation  7, 
if  the  area  of  the  web  is  substituted  for  A.        ^ 
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Examples.  1.  What  is  the  greatest  value  of  the  unit- 
shearing  stress  in  a  wooden  beam  12  feet  long  and  6  X  12  inches  in 
cross-section  when  resting  on  end  supports  and  sustaining  a  uni- 
form load  of  G,400  pounds  ?  (This  is  the  safe  load  as  determined 
by  working  fibre  stress;  see  example  1,  Art.  65.) 

The  maximum  external  shear  equals  one-half  the  load  (see 
Table  B,  page  55),  and  comes  on  the  sections  near  the  supports. 

Since  A  =  6  X  12  --=  72  square  inches; 

Q         3,200        ..  ^  .     . 

*^s  ^^  — ^o~  ^^        pounds  per  square  inch, 

and  the  greatest  unit-shearing  stress  equals 

~9~  ^s  ""^   ~9"  44  =  66  pounds  per  square  inch. 

Apparently  this  is  very  insignificant;  but  it  is  not  negligible,  as 
is  explained  in  the  next  article. 

2.  A  steel  I-beam  resting  on  end  supports  15  feet  apart 
sustains  a  load  of  8,000  pounds  5  feet  from  one  end.  The  weight 
of  the  beam  is  375  pounds,  and  the  area  of  its  web  section  is  3.2 
square  inches.  (This  is  the  beam  and  load  described  in  examples 
2  and  3,  Art,  65.)    What  is  the  greatest  unit-shearing  stress  ? 

The  maximum  external  shear  occurs  near  the  support  where 
the  reaction  is  the  greater,  and  its  value  equals  that  reaction. 
Calling  that  reaction  R,  and  taking  moments  about  the  other  end 
of  the  beam,  we  have 

R  X  15  -  375  X  7-^- -  8,000  X  10  =  0; 

therefore  15  R  ==  80,000  +  2,812.5  ==  82,812.5; 

or,  R  =  5,520.8  pounds. 

a        5,520.8       ,  ^^.  ^ 

Hence  feg  =09      =  l,72o  pounds  per  square  inch. 

EXAMPLES  FOR  PRACTICE. 

1.     A  wooden  beam  10  feet  long  and  2  X  10  inches  in  cross - 

section  sustains  a  middle  load  of  1,000  pounds.     Neglecting  the 

weio-ht  of  the  beam,  compute  the  value  of  the  greatest  unit-shearing 

stress. 

Ans.     37.5  pounds  per  square  inch. 
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2„  Solve  the  preceding  example  taking  into  account  the 
weight  of  the  beam,  GO  pounds. 

Ans.     40  pounds  per  square  inch. 

3.  A  wooden  beam  12  feet  long  and  4  X  12  inches  in  cross- 
section  sustains  a  load  of  3,000  pounds  4  feet  from  one  end. 
Neglecting  the  weight  of  the  beam,  compute  the  value  of  the 
greatest  shearing  unit-stress. 

Ans.     ()2.5  pounds  per  square  inch. 

71.  Horizontal  Shear.  It  can  be  proved  that  there  is  a 
shearing  stress  on  every  horizontal  section  of  a  loaded  beam.  An 
experimental  explanation  will  have  to  suffice  hei'e.  Imagine  a 
pile  of  six  boards  of  equal  length  supported  so  that  they  do  not 
bend.  If  the  intermediate  supports  are  removed,  they  will  beiid 
and  their  ends  will  not  be  flush  but  somewhat  as  represented  in 
Fig,  41.  This  indicates  that  the  boards  slid  over  each  other  during 
the  bending,  and  hence  there  was  a  rubbing  and  a  frictional  re- 
sistance  exerted  by  the  boards  upon  each  other.  Now,  when  a 
solid  beam  is  being  bent,  there  is  an  exactly  similar  tendency  for 
the  horizontal  layers  to  slide  over  each  other;  and,  instead  of  a 
frictional  resistance,  there  exists  shearing  stress  on  all  horizontal 
sections  of  the  beam. 

In  the  ])ile  of  boards  the  amount  of  slipping  is  different  at 
different  j)laees  between  any  two  boards,  being  greatest  near  the 
supports  and  zero  midway  between  them.  Also,  in  any  cross- 
section  the  slippage  is  least  between  the  upper  two  and  lower  two 
boards,  and  is  greatest  between  the  middle  two.  These  facts  indi- 
cate that  the  shearing  unit-stress  on  horizontal  sections  of  a  solid 
beam  is  greatest  in  the  neutral  surface  at  the  supj)orts. 

It  can  be  proved  that  at  any  place  in  a  beam  the  shearing 
unit-stresses  on  a  horizontal  and  on  a  vertical  section  are  equal. 


Fig.  41.  Fig.  42. 

It  follows  that  the  horizontal  shearing  unit-stress  is  greatest  at  the 
neutral  axis  of  the  section  for  which  the  external  shear  (A^)  is  a 
maximum.  Wood  being  very  weak  in  shear  along  the  grain, 
timber  beams  sometimes  fail  under  shear,  the  "  rupture "  being 
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two  horizontal  cracks  along  the  neutral  surface  somewhat  as  rep- 
resented in  Fig.  42.  It  is  therefore  necessary,  when  dealing  with 
tiniher  beams,  to  give  due  attention  to  their  strength  as  determined 
by  the  working  strength  of  the  material  in  shear  along  the  grain. 

Exami^h.  A  wooden  beam  3  X  10  inches  in  cross-section 
rests  on  end  supports  and  sustains  a  uniform  load  of  4,000  pounds 
Comj)ute  the  greatest  horizontal  unit-stress  in  the  beam. 

The  maximum  shear  equals  one-half  the  load  (see  Table  B, 
page  55),  or  2,000  pounds.  Hence,  by  equation  7,  since  A  = 
3  X  10  =  30  square  inches, 

2,000        ^^,  2 


S.  = 


30 


6(3-^  pounds  per  square  inch. 


This  is  the  average  shearing  uni  -stress  on  the  cross-sections  near 
the  supports;  and  the  greatest  value  equals 

3,2 

o   ^  ^^ir  "^  ^^^  pounds  per  square  inch. 

According  to  the  foregoincr  this  is  also  the  value  of  the 
greatest  horizontal  shearing  unit-stress.  (If  of  white  pine,  for 
example,  the  beam  would  not  be  regarded  as  safe,  since  the  ulti- 
mate shearing  strength  along  the  grain  of  selected  pine  is  only 
about  400  pounds  per  square  inch.) 

72.  Design  of  Timber  Beams.  In  any  case  we  may  pro- 
ceed as  follows: — (1)  Determine  the  dimensions  of  the  cross- 
section  of  the  beam  from  a  consideration  of  the  fibre  stresses  as 
explained  in  Art.  66.  (2)  With  dimensions  thus  determined,  com- 
pute the  value  of  the  greatest  shearing  unit-stress  from  the  formula, 

3 

Greatest  shearino;  unit-stress  =  -rr  V  ^-  ah. 

o  2  ' 

where  Y  denotes  the  maximum  external  shear  in  the  beam,  and 
h  and  a  the  breadth  and  depth  of  the  cross-section. 

If  the  value  of  the  greatest  shearing  unit-stress  so  computed 
does  not  exceed  the  working  strength  in  shear  along  the  grain, 
then  the  dimensions  are  large  enough;  but  if  it  exceeds  that  value, 
then  a  or  Z*,  or  both,  should  be  increased  until  f  V  -4-  ah  \^  less 
than  the  working  strength.  Because  timber  beams  are  very  often 
"season  checked"  (cracked)  along  the  neutral  surface,  it  is  advis- 
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able  to  take  the  working  strength  of  wooden  beanis,  in  shear  along 
the  grain,  quite  low.  One-twentieth  of  the  working  fibre  strength 
has  been  recommended'^^  for  all  j)ine  beams. 

If  the  working  strength  in  shear  is  taken  equal  to  one- 
Lwentieth  the  working  fibre  strength,  then  it  can  be  shown  that, 

1.  For  a  beam  on  end  supports  loaded  in  the  middle,  the  safe  load  de- 
pends on  the  shearing  or  fibre  strength  according  as  the  ratio  of  length  to 
dejith  (I  -^  a)  is  less  or  greater  than  10. 

2.  For  a  beam  on  end  supjiorts  uniformly  loaded,  the  safe  load  depends 
on  the  shearing  or  fibre  strength  according  as  Z  ^  a  is  less  or  greater  than  20. 

Exavjph'S.  1.  It  is  required  to  design  a  timber  beam  to  sus- 
tain loads  as  represented  in  Fig.  11,  the  working  fibre  strength 
being  550  pounds  and  the  working  shearing  strength  50  pounds 
per  square  inch. 

The  maximum   bending  moment  (see  example  for  practice  3, 
Art.  43;  and  example  for  practice  2,  Art.  44)  equals  practically 
7,000  foot-pounds  or,  7,000  X  12  =  84,000  inch-pounds. 
Hence,  according  to  equation  6'", 

—  =     ^'        =  152.7  inchest 
c  550 

Since  for  a  rectangle 

G  D 

—  ha^  =  152.7,  or  hci'  =  916.2. 
o 

Now,  if  we  let     h  —  4,  then  cC-  =  229; 

or,  a  =  15.1  (practically  IG)  inches. 

If,  again,  we  let  b  —  G,  then  t(?  =  152.7; 

or  a  =  12.4  (practically  1*4)  inches. 

Either  of  these  sizes  will  answer  so  far  as  fibre  stress  is  concerned, 
but  there  is  more  ''  timber"  in  the  second. 

The  maximum  external  shear  in  the  beam  equals  1,556 
pounds,  neglecting  the  weight  of  the  beam  (see  example  3,  Art. 
37;  and  example  2,  Art.  38).     Therefore,  for  a  4  X  16-inch  beam, 

*  See  "Materials  of  Construction."— Johnson.    Page  55. 
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(jrreatest  shearing  unit-stress  =-^  X  ■ 

=  36.5  pounds  per  square  inch; 

and  for  a  G  X  14:-inch  beam,  it  equals 

3  1,556 

'9~  -^  P  \/  ^± "^  pounds  per  square  inch. 

Since  these  values  are  less  than  the  workincr  strength  in  shear, 

DO  ' 

either  size  of  beam  is  safe  as  reo-ards  shear. 

If  it  is  desired  to  allow  for  weight  of  beam,  one  of  the  sizes 
should  be  selected.  First,  its  weight  should  be  computed,  then 
the  new  reactions,  and  then  the  unit-fibre  stress  may  be  com- 
puted as  in  Art.  64,  and  the  greatest  shearing  unit-stress  as  in  the 
foregoing.  If  these  values  are  within  the  working  values,  then 
the  size  is  large  enough  to  sustain  safely  the  load  and  the  weight 
of  the  beam, 

2.  "What  is  the  safe  load  for  a  white  pine  beam  9  feet  long 
and  2  X  12  inches  in  cross-section,  if  the  beam  rests  on  end  supports 
and  the  load  is  at  the  middle  of  the  beam,  the  workino-  fibre 
strength  being  1,000  pounds  and  the  shearing  strength  50  pounds 
per  square  inch. 

The  ratio  of  the  length  to  the  depth  is  less  than  10;  hence 
the  safe  load  depends  on  the  shearing  strength  of  the  material 
Calling  the  load  P,  the  maximum  externj^l  shear  (see  Table  B, 
page  55)  equals  ^  P,  and  the  formula  for  greatest  shearing  unit 
stress  becomes 

3        i  P 
50  =  -2"X  WT2'  °^'  ^  ^  "'"'*^^*^  pounds. 

EXAMPLES  FOR  PRACTICE. 

1.  "What  size  of  wooden  beam  can  safely  sustain  loads  as  in 
Fig.  12,  with  shearing  and  fibre  working  strength  equal  to  50  and 
1,000  pounds  per  square  inch  respectively  ? 

Ans.     6  X  12  inches 

2.  What  is  the  safe  load  forsa  wooden  beam  4  X  11  inches, 
and  18  feet  long,  if  the  beam  rests  on  end  supports  and  the  load 
is  uniformly  distributed,  with  working  strengths  as  in  example  1  ? 

Ans.     3,730  pounds 
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73.  Kinds  of  Loads  and  Beams.  We  shall  now  discuss  the 
strength  of  beams  under  longitudinal  forces  (acting  parallel  to 
the  beam)  and  transverse  loads.  The  longitudinal  forces  are 
supposed  to  be  applied  at  the  ends  of  the  beams  and  along  the  axis* 
of  the  beam  in  each  case.  We  consider  only  beams  resting  on 
end  supports. 

The  transverse  forces  produce  bending  or  flexure,  and  the 
longitudinal  or  end  forces,  if  pulls,  produce  tension  in  the  beam; 
if  pushes,  they  produce  compression.  Hence  the  cases  to  be  con- 
sidered may  be  called  "  Combined  Flexure  and  Tension "  and 
"Combined  Flexure  and  Compression." 

74.  Flexure  and  Tension.  Let  Fig.  43,  a,  represent  a  beam 
subjected  to  the  transverse  loads  L,,  L„  and  L,,  and  to  two  equal 
end  pulls  P  and  P.  The  reactions  Rj  and  R,  are  due  to  the  trans- 
verse loads  and  can  be  computed  by  the  methods  of  moments  just 
as  though  there  were  no  end  pulls.  To  find  the  stresses  at  any 
cross-section,  we  determine  those  due  to  the  transverse  forces 
(L|,  L,,  L3,  Rj  and  R.,)  and  those  due  to  the  longitudinal;  then 
combine  these  stresses  to  get  the  total  effect  of  all  the  applied 
forces. 

The  stress  due  to  the  transverse  forces  consists  of  a  shearing 
stress  and  a  fibre  stress;  it  will  be  called  the  flexural  stress.  The 
fibre  stress  is  compressive  above  and  tensile  below.  Let  M  denote 
the  value  of  the  bending  moment  at  the  section  considered;  c\  and 
('2  the  distances  from  the  neutral  axis  to  the  highest  and  the  low- 
est fibre  in  the  section;  and  Sj  and  S„  the  corresponding  unit-fibre 
stresses  due  to  the  transverse  loads.     Then 

bj  =  -^y— ;  and  b^  =  —^ . 

The  stress  due  to  the  end  pulls  is  a  simple  tension,  and  it  equals 
P;  this  is  sometimes  called  the  direct  stress.  Let  Sq  denote  the 
unit-tension  due  to  P,  and  A  the  area  of  the  cross-section;  then 

^  -  X- 

Both  systems  of  loads  to  the  left  of  a  section  between  Lj  and 


*  Note.    By  "  axis  of  a  beam  "  is  meant  the  line  through  the  centers  of 
gravity  of  all  the  cross-sections. 
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L,  are  represented  in  Fig.  43,  lj\  also  the  stresses  caused  by  them 
at  that  section.     Clearly  the  effect  of  the  end  pulls  is  to  increase  the 
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tensile  stress  (on  the  lower 
fibres)  and  to  decrease  the 
compressive  stress  (on  the 
upper  fibres)  due  to  the  flex- 
ure. Let  Sg  denote  the  total 
(resultant)  unit-stress  on  the 
upper  fibre,  and  S^  that  on 
the  lower  fibre,,  due  to  all 
the  forces  acting  on  the  beam. 
In  combining  the  stresses 
there  are  two  cases  to  con- 
sider: Fig.  43. 

(1)  The  flexural  compressive  unit-stress  on  the  upper  fibre  is 
greater  than  the  direct  unit-stress;  that  is,  Sj  is  greater  than  Sq. 
The  resultant  stress  on  the  upper  fibre  is 

S^  =  Sj  -  Sq  (compressive) ; 
and  that  on  the  lower  fibre  is 

St  =  S2  +  Sq  (tensile). 

The  combined  stress  is  as  represented  in  Fig.  43,  <?,  part  tensile 
and  part  compressive. 

(2)  The  flexural  compressive  unit-stress  is  less  than  the 
direct  unit-stress;  that  is,  S,  is  less  than  S^.  Then  the  combined 
unit-stress  on  the  upper  fibre  is 

^c  =^  ^o  "~  Sj      (tensile); 
and  that  on  the  lower  fibre  is 

St  =  S,  +  So     (tensile). 

The  combined  stress  is  represented  by  Fig.  43,  <:7,  and  is  all 
tensile. 

Example.  A  steel  bar  2X0  inches,  and  12  feet  long,  is  sub- 
jected to  end  pulls  of  45,000  pounds.  It  is  supported  at  each 
end,  and  sustains,  as  a  beam,  a  uniform  load  of  6,000  pounds. 
It  is  required  to  compute  the  combined  unit-fibre  stresses. 

Evidently  the  dangerous  section  is  at  the  middle,  and  M  = 
I- WZ;  that  is, 
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M  =  4-  X  <M^^0  X  1'^  =  ^'000  foot-pounds, 

8 

or  9,000  X  12  =  108,000  inch-pounds. 

The  bar  being  placed  with  the  six-inch  side  vertical, 
^i  =  Co  =  3  inches,  and 
I  =  i  X  2  X  C/'  =  30  inchest     (See  Art.  52.) 

Q        Q        108,000  X  3       ,,  ^^^  ,  .     , 

Hence        S,  =  S^  ^ — =  W,()(M)  pounds  per  square  inch. 

Ol_) 


Since  A  =  2  X  C  =  12  square  inches, 

5,000        Q  ^^.  . 

-y^r —  =  o, /o()  pounds  per  square  inch. 


o  45,000 


The  greatest  value  of  the  combined  compressive  stress  is 

Si  -  S„  =  9,000  -  3,750  =  5,250  pounds  per  square  inch, 
and  it  occurs  on  the  upper  fibres  of  the  middle  section.    The  great- 
est value  of  the  combined  tensile  stress  is 

^2  +  ^0'"^  9,000  +  3,750  =  12,750  pounds  per  square  inch, 
and  it  occurs  on  the  lowest  fibres  of  the  middle  section. 

EXAflPLE     FOR     PRACTICE. 

Change  the  load  in  the  preceding  illustration  to  one  of  6,000 
pounds  placed  in  the  middle,  and  then  solve. 

.         (  Sp  =  14,250  pounds  per  square  inch, 
^^^^^-  I  St  =:  21,750       " 

75.  Flexure  and  Compression.  Imagine  the  arrowheads  on 
P  reversed;  then  Fig.  43,  a,  will  represent  a  beam  under  com- 
bined flexural  and  compressive  stresses.  The  flexural  unit-stresses 
are  computed  as  in  the  preceding  article.  The  direct  stress  is  a 
compression  equal  to  P,  and  the  unit-stress  due  to  P  is  computed 
as  in  the  preceding  article.  Evidently  the  effect  of  P  is  to  increase 
the  compressive  stress  and  decrease  the  tensile  stress  due  to  the 
flexure.     In  combining,  we  have  two  cases  as  before: 

(1)  The  flexural  tensile  unit-stress  is  greater  than  the 
direct  unit-stress;  that  is,  S^,  is  greater  than  S^.  Then  the  com- 
bined unit-stress  on  the  lower  fibre  is 
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St  ^  So  -  Sq  (tensile) ; 
and  that  on  the  upper  fibre  is 

Sg  =  Sj  +  Sq  (compressive). 
The  combined  fibre  stress  is  represented  by  Fig.  44,  ff,  and  is  part 
tensile  and  part  compressive. 

(2)  The  flexural  unit-stress  on  the  lower  fibre  is  less  than 
the  direct  unit-stress;  that  is,  S,  is  less  than  S^.  Then  the  com- 
bined unit-stress  on  the  lower  fibre  is 

Sj  =  Sq  -  S2  (compressive); 
and  that  on  the  upper  fibre  is 

Sc  =  Sq  +  Si  (compressive). 
The  combined  fibre  stress  is  represented  by 
Fig.  44,  5,  and  is  all  compressive. 

Example.  A  piece  of  timber  6x6 
inches,  and  10  feet  long,  is  subjected  to  end 
pushes  of  9,000  pounds.  It  is  supported  in 
a  horizontal  position  at  its  ends,  and  sustains 
a  middle  load  of  400  pounds.  Compute  the 
combined  fibre  stresses. 

Evidently  the  dangerous  section  is  at  the 
middle,  and  M  =  ^  P/;  that  is. 


Fig.  44. 


M 


J  X  400  X  10  =  1,000  foot-pounds, 


or 

Since 


1,000  X  12  =  12,000  inch-pounds. 
c   =  (?2  =  3  inches,  and 


I  =  —  J«^  =  -—  X  6  X  6^ 


108  inches* 


s,  =  s,  = 

Since      A  = 

S.  = 


12,000  X  3        ^^^1 

— - — -    =  333-7^  pounds  per  square  inch. 

6  X  6  =  36  square  inches, 
9,000 


36 


250  pounds  per  square  inch. 


Hence  the  greatest  value  of  the  combined  compressive  stress  is 
Sq  +  Sj  =  333-7T-  +  250  =  583-TT-  pounds  per  square  inch. 
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It  occurs  on  the  upper  fibres  of  the  middle  section.     The  greatest 
value  of  the  combined  tensile  stress  is 

S^  -  Sq  =  333-^  -  250  =  83-—  pounds  per  square  inch. 
It  occurs  on  the  lowest  fibres  of  the  middle  section, 

EXAMPLE  FOR  PRACTICE. 

Change  the  load  of  the  preceding  illustration   to  a  uniform 
load  and  solve. 


Ans. 


)   S. 


417  pounds  per  square  inch. 


=    83 


(compression). 


76.  Combined  Flexural  and  Direct  Stress  by  flore  Exact 
Formulas.  The  results  in  the  preceding  articles  are  only  approxi- 
mately correct.  Imagine  the 
beam  represented  in  Fig.  45,  a, 
to  be  first  loaded  with  the  trans- 
verse loads  alone.  They  cause 
the  beam  to  bend  more  or  less, 
and  produce  certain  flexural 
stresses  at  each  section  of  the 
beam.  Now,  if  end  pulls  are 
applied  they  tend  to  straighten 
the  beam  and  hence  diminish  the  flexural  stresses.  This  effect 
of  the  end  pulls  was  omitted  in  the  discussion  of  Art.  74,  and 
the  results  there  given  are  therefore  only  approximate,  the 
value  of  the  greatest  combined  fibre  unit-stress  (S^)  being  too 
large.  On  the  other  hand,  if  the  end  forces  are  pushes,  they  in- 
crease the  bendincr,  and  therefore  increase  the  flexural  fibre  stresses 
already  caused  by  the  transverse  forces  (see  Fig.  45,  h).  The 
results  indicated  in  Art.  75  must  therefore  in  this  case  also  be 
regarded  as  only  approximate,  the  value  of  the  greatest  unit- 
fibre  stress  (S^,)  being  too  small. 

For  beams  loaded  in  the  middle  or  with  a  uniform  load,  the 
followincr  formulas,  which  take  into  account  the  flexural  effect  of 
the  end  forces,  may  be  used  : 

M  denotes  bendintj  moment  at  the  middle  section  of  the  beam* 
I  denotes  the  moment  of  inertia  of  the  middle  section  with 
respect  to  the  neutral  axis; 
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S„  S^,  c,  and  c,  have  the  same  meanings  as  in  Arts.  74  and 
75,  but  refer  always  to  the  middle  section ; 

I  denotes  length  of  the  beam; 

E  is  a  number  depending  on  the  stiffness  of  the  material,  the 
average  values  of  which  are,  for  timber,  1,500,000;  and  for  struc- 
tural steel  30,000,000.* 

b,= 1- — ,  and  b,  =  — 


tJ^     (8) 
lOE 

The  plus  sign  is  to  be  used  when  the  end  forces  P  are  pulls,  and 
the  minus  sign  when  they  are  pushes. 

It  must  be  remembered  that  Sj  and  S^  are  flexural  unit- 
stresses.  The  combination  of  these  and  the  direct  unit-stress  is 
made  exactly  as  in  articles  74  and  75. 

ExaritjAes.  1.  It  is  required  to  apply  the  formulas  of  this 
article  to  the  example  of  article  74. 

As  explained  in  the  example  referred  to,  M  =  108,000  inch- 
pounds;  e^=  ^2=  3  inches;  and  I  =  36  inches^. 
Now,  since  Z  =  12  feet  =  144  inches, 

108,000  X  3  324,000 

^^  =  ^^  =^  45,000  X  144^  =  36+3Ji  =  ^'^^^   P"""^^ 

^    +  10  X  30,000,000 
per  square  inch,  as  compared  with  9,000  pounds  per  square  inch, 
the  result  reached  by  the  use  of  the  approximate  formula. 
As  before,  Sq  =  3,750  pounds  per  square  inch;  hence 

Sc  =^  8,284-  3,750  =  4,534  pounds  per  square  inch; 
and     St  =  8,284  +  3,750  =  12,034    " 

2.  It  is  required  to  apply  the  formulas  of  this  article  to  the 
example  of  article  75. 

As  explained  in  that  example, 

M  =  12,000  inch-pounds; 
(7i  =  €.-,  =  3  inches,  and  I  =  108  inches*. 
Kow,  since  I  =  120  inches, 

12,000  X  3  36,000  _.  , 

^' = ^-  ^  ";;^r^^,Qoo  x  120-  =  los  -  8.64  -  ^^^  p^^^^^ 

10  X  1,500,000 


*  Note.    This  quantity  "  E  "  is  more  fully  explained  in  Article  95. 
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per  square  inch,  as  compared  with  333.^  pounds  per  square  inch, 
the  result  reached  by  use  of  the  approximate  method. 
As  before,  S^  =  250  pounds  per  square  inch;  hence 

8(5  =  362  +  250  =  G12  pounds  per  square  inch;  and 
St  =  362  -  250  =  112        "         "        "         "     . 

EXAMPLES     FOR     PRACTICE. 

1.     Solve  the  example  for  practice  of  Art.  74  by  the  formulas 
of  this  article. 


A        j  Sg  =^  12,820  pounds  per  square  inch. 
^^"^'  \  St  =  20,320       - 


2.  Solve  the  example  for  2)ractice  of  Art.  75  by  the  formulas 
of  this  article. 

A    .      j  ^c  =  ^'^0  pounds  per  S(piare  inch. 

I  St  =  70   '•    '•    ''    "   (compression). 

STRENGTH  OF  COLUnNS. 

A  stick  of  timber,  a  bar  of  iron,  etc.,  when  used  to  sustain 
end  loads  which  act  lengthwise  of  the  pieces,  are  called  columns, 
posts,  or  struts  if  they  are  so  long  that  they  would  bend  before 
breaking.  When  they  are  so  short  that  they  would  not  bend 
before  breaking,  they  are  called  short  blocks,  and  their  compres- 
sive strengths  are  computed  by  means  of  equation  1.  The  strengths 
of  columns  cannot,  however,  be  so  simply  determined,  and  w^e  now 
proceed  to  explain  the  method  of  computing  them. 

77.  End  Conditions.  The  strength  of  a  column  depends  in 
part  on  the  way  in  which  its  ends  bear,  or  are  joined  to  other 
parts  of  a  structure,  that  is,  on  its  "  end  conditions."  There  are 
practically  but  three  kinds  of  end  conditions,  namely: 

1.  "  Hinge  "  or  "  pin  "  ends, 

2.  "  Plat "  or  "  square  "  ends,  and 

3.  "Fixed"  ends, 

(1)  When  a  column  is  fastened  to  its  support  at  one  end  by 
means  of  a  pin  about  which  the  column  could  rotate  if  the  other 
end  were  free,  it  is  said  to  be  "hinged"  or  "pinned"  at  the 
former  end.    Bridge  posts  or  columns  are  often  hinged  at  the  ends. 

(2)  A  column  either  end  of  which  is  flat  and  perpendicular 
to  its  axis  and  bears  on  other  parts  of  the  structure  at  that  surface, 
is  said  to  be  "  flat "  or  "  square"  at  that  end. 
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(3)  Columns  are  souietimes  riveted  near  their  ends  directly 
to  other  parts  of  the  structure  and  do  not  bear  directly  on  their 
ends;  such  are  called  "  fixed  ended."  A  column  which  bears  on  its 
flat  ends  is  often  fastened  near  the  ends  to  other  parts  of  the  struc- 
ture, and  such  an  end  is  also  said  to  be  "  fixed,"  The  fixing  of  an 
end  of  a  column  stiffens  and  therefore  strengthens  it  more  or  less, 
but  the  strength  of  a  column  with  fixed  ends  is  computed  as 
though  its  ends  were  flat.  Accordingly  we  have,  so  far  as  strength 
is  concerned,  the  following  classes  of  columns  : 

78.  Classes  of  Columns.  (1)  Both  ends  hinged  or  pinned; 
(2)   one  end  hinged  and  one  flat;   (3)   both  ends  flat. 

Other  things  being  the  same,  columns  of  these  three  classes 
are  unequal  in  strength.  Columns  of  the  first  class  are  the 
weakest,  and  those  of  the  third  class  are  the  strongest. 


A  I — I — I  A 


Fig.  46. 


B 

A 

A 

B 

1 

D 

79.  Cross=sections  of  Columns.  "Wooden  columns  are  usu- 
ally solid,  square,  rectangular,  or  round  in  section;  but  sometimes 
they  are  "  built  up "  hollow.  Cast-iron  columns  are  practically 
always  made  hollow,  and  rectangular  or  round  in  section.  Steel 
columns  are  made  of  single  rolled  shapes — angles,  zees,  channels, 
etc. ;  but  the  larger  ones  are  usually  "  built  up  "  of  several  shapes. 
Fig.  46,  a,  for  example,  represents  a  cross -section  of  a  "Z-bar" 
column;  and  Fig.  46,  J,  that  of  a  "channel"  column. 

80.  Radius  of  Gyration.  There  is  a  quantity  appearing  in 
almost  all  formulas  for  the  strength  of  columns,  which  is  called 
"  radius  of  gyration."  It  depends  on  the  form  and  extent  of  the 
cross-section  of  the  column,  and  may  be  defined  as  follows: 
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The  radius  of  gyration  of  any  plane  figure  (as  the  section  of  a  column) 
with  respect  to  any  line,  is  such  a  length  that  the  square  of  this  length  mul- 
tiplied by  the  area  of  the  figure  equals  the  moment  of  inertia  of  the  figure 
with  respect  to  the  given  line. 

Thus,  if  A  denotes  the  area  of  a  figure;  I,  its  moinent  of  in- 
ertia  with  respect  to  some  line;  and  /',  the  radiut^  of  gyration 
with  respect  to  that  line;  then 

r~K  =  I;  or  r  =  Vl  -^  A.  (9) 

In  the  column  formulas,  the  radius  of  gyration  always  refers  to  an 
axis  through  the  center  of  gravity  of  the  cross-section,  and  usually 
to  that  axis  with  respect  to  which  the  radius  of  gyration  (and  mo- 
ment  of  inertia)  is  least.  (For  an  exception,  see  example  3. 
Art.  83.)  Hence  the  radius  of  gyration  in  this  connection  is  often 
called  for  brevity  the  '"  least  radius  of  gyration,"  or  simply  the 
"  least  radius." 

Exam]_)les.  1.  Show  that  the  value  of  the  radius  of  gyration 
given  for  the  square  in  Table  A,  page  54,  is  correct. 

The  moment  of  inertia  of  the  square  with  respect  to  the  axis 
is  -j-V^**     Since  A  =  «",  then,  by  formula  9  above, 


\  12"^^'  ^  ""''  ^  \  12  ""^^  ^  ^  \  12* 


2.  Prove  that  the  value  of  the  radius  of  gyration  given  for 
the  hollow  square  in  Table  A,  page  51,  is  correct. 

The  value  of  the  moment  of  inertia  of  the  square  with  respect 
to  the  axis  is  yV  (<:'*  -  «/)•     Since  A  =  a^  -  a^. 


^  K-O 


112^  w  -^ 

'  =  <     <r-.,'       -V 12  ("'  +  "'")■ 

EXAflPLE   FOR  ^PRACTICE. 

Prove  that  the  values  of  the  radii  of  gyration  of  the  other  fig- 
ures given  in  Table  A,  page  54,  are  correct.  The  axis  in  each 
case  is  indicated  by  the  line  through  the  center  of  gravity. 

8i.  Radius  of  Gyration  of  Built=up  Sections.  The  radius  of 
gyration  of  a  built-up  section  is  computed  similarly  to  that  of  any 
Other  figure.     First,  we  have  to  compute  the  moment  of  inertia  of 
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the  section,  as  explained  in  Art.  54;  and  then  we  use  formula  9,  as 
in  the  examples  of  the  preceding  article. 

Example.  It  is  required  to  compute  the  radius  of  gyration 
of  the  section  represented  in  Fig.  30  (page  52)  with  respect  to  the 
axis  AA. 

In  example  1,  Art.  54,  it  is  shown  that  the  moment  of  inertia 
of  the  section  with  respect  to  the  axis  KK.  is  429  inches\  The 
area  of  the  whole  section  is 

2  X  6.03  +  7  =  19.06; 

hence  the  radius  of  gyration  /■  is 

|429^  ,  ^^  •     V 

r-  =  ^  =  4.74  mches. 

\  19.06 

EXAMPLE  FOR  PRACTICE. 

Compute  the  radii  of  gyration  of  the  section  represented  in 
Fig.  31,  a,  with  respect  to  the  axes  AA  and  BB.  (See  examples 
for  practice  1  and  2,  Art.  54.) 

.  \  2.87  inches. 

I  2.09      " 

82.  Kinds  of  Column  Loads.  "When  the  loads  applied  to  a 
column  are  such  that  their  resultant  acts  tlirouo-h  the  center  of 
gravity  of  the  top  section  and  along  the  axis  of  the  column,  the 
column  is  said  to  be  centrally  loaded.  When  the  resultant  of  the 
loads  does  not  act  through  the  center  of  gravity  of  the  top 
section,  the  column  is  said  to  be  eccentrically  loaded.  All  the 
following  formulas  refer  to  columns  centrally  loaded. 

83.  Rankine's  Column  Formula.  When  a  perfectly  straight 
column  is  centrally  loaded,  then,  if  the  column  does  not  bend  and 
if  it  is  homogeneous,  the  stress  on  every  cross-section  is  a  uniform 
compression.  If  P  denotes  the  load  and  A  the  area  of  the  cross- 
section,  the  value  of  the  unit-compression  is  P  -^  A. 

On  account  of  lack  of  straightness  or  lack  of  uniformity  in 
material,  or  failure  to  secure  exact  central  application  of  the  load, 
the  load  P  has  what  is  known  as  an  "arm  "  or  "  leverage  "  and 
bends  the  column  more  or  less.  There  is  therefore  in  such  a 
column  a  bending  or  flexural  stress  in  addition  to  the  direct  com- 
pressive stress  above  mentioned ;  this  bending  stress  is  compressive 
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on  the  concave  side  and  tensile  on  the  convex.  The  value  of  the 
stress  per  unit-area  (unit-stress)  on  the  fibre  at  the  concave  side, 
according  to  equation  6,  is  Me  ^-  I,  where  M  denotes  the  bending 
moment  at  the  section  (due  to  the  load  on  the  column),  c  the 
distance  from  the  neutral  axis  to  the  concave  side,  and  I  the 
moment  of  inertia  of  the  cross-section  with  respect  to  the  neutral 
axis.  (Notice  that  this  axis  is  perpendicular  to  the  plane  in 
which  the  column  bends.) 

The  upper  set  of  arrows  (Fig.  47)  represents  the  direct  com- 
pressive stress;  and  the  second  set  the  bending  stress  if  the  load 
is  not  excessive,  so  that  the  stresses  are  within  the  elastic  limit  of 
the  material.  The  third  set  represents  the  combined  stress  that 
actually  exists  on  the  cross-section.  The  greatest  combined  unit- 
stress  evidently  occurs  on  the  fibre  at  the  concave  side  and  where 
the  deflection  of  the  column  is  greatest.  The 
stress  is  compressive,  and  its  value  S  per  unit- 
area  is  given  by  the  formula. 


ItllHIlIl 


s 


A 


+ 


Me 
T' 


ffTT 


f  f  »* 
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Now,  the  bending  moment  at  the  place  of 
greatest  deflection  equals  the  product  of  the 
load  P  and  its  arm  .(that  is,  the  deflection). 
Calling  the  deflection  d,  we  have  M  =  Fd;  and 
this  value  of  M,  substituted  in  the  last  equa 
tion,  gives 


A 


Fde 


Fig.  47. 

Let  r  denote  the  radius  of  gyration  of  the  cross-section  with  respec 
to  the  neutral  axis.  Then  I  =  Ar^  (see  equation  9);  and  this 
value,  substituted  in  the  last  equation,  gives 

dc. 


S-   ^   + 

*^  ^  A   "^    Ar'         A 


^":  - 1  (1 


According  to  the  theory  of  the  stiffness  of  beams  on  end  sup- 
ports, deflections  vary  directly  as  the  square  of  the  length  ?,  and  in- 
versely as  the  distance  e  from  the  neutral  axis  to  the  remotest  fibre 
of  the  cross-section.     Assuming  that  the  deflections  of  columns 
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folloM'  the  same  laws,  we  may  write  d  =  k  (^P  -i~  c),  where  k  is 
some  constant  depending  on  the  material  of  the  column  and  on  the 
end  conditions.  Substituting  this  value  for  d  in  the  last  equation, 
we  find  that 

p  r 


s 


p 

X 


s 


and 


1  +  ^ 
SA 


P 


P 
1  +  /t  — 


(lO) 


Each  of  these  (usually  the  last)  is  known  as  "  Rankine's  formula," 

For  mild-steel  columns  a  certain  large  steel  company  uses  S  =  50,000 
pounds  per  square  inch,  and  the  following  values  of  k: 

1.  Columns  with  two  pin  ends,  A;  =  1  h-  18,000. 

2.  "  "     one  flat  and  one  pin  end.     A;  =  1  ^  24,000. 

3.  "  "     both  ends  flat,  k  =1-^  36,000. 

With  these  values  of  S  and  k,  P  of  the  formula  means  the  ultimate  load, 
that  is,  the  load  causing  failure.  The  safe  load  equals  P  divided  by  the 
selected  factor  of  safety — a  factor  of  4  for  steady  loads,  and  5  for  moving 
loads,  being  recommended  by  the  company  referred  to.  The  same  unit  is  to 
be  used  for  Z  and  r. 

Cast-iron  columns  are  practically  always  made  hollow  with 

comparatively  thin  walls,  and  are  usually  circular  or  rectangular 

in  cross-section.     Th^  followingr  modifications  of  Rankine's  formula 

are  sometimes  used: 


For  circular  sections, 


P 
A 


80,000 


1  + 


l^ 


For  rectangular  sections,  - — -  = 


800  d^ 
80.003 

"  1,000  d^ 


(lO') 


In  these  formulas  d  denotes  the  outside  diameter  of  the  circular  sec- 
tions or  the  length  of  the  lesser  side  of  the  rectangular  sections.  The  same 
unit  is  to  be  used  for  I  and  d. 

Examples.  1.  A  40-pound  10-inch  steel  I-beam  8  feet 
long  is  used  as  a  flat-ended  column.  Its  load  being  100,000 
pounds,  M^hat  is  its  factor  of  safety  ? 

Obviously  the  column  tends  to  bend  in  a  plane  perpendicular 
to  its  web.     Hence  the  radius  of  gyration  to   be  used  is  the  one 
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with  respect  to  that  central  axis  of  the  cross-section  which  is  in 
the  web,  that  is,  axis  2-2  (see  figure  accompanying  table,  page  72). 
The  moment  of  inertia  of  the  section  with  respect  to  that  axis, 
according  to  the  table,  is  9.50  inches*;  and  since  the  area  of  the 
section  is  11.76  square  inches, 

^'  =  TT^  =  0.808. 
11. /o 

Now,  1  =  8  feet  =  90  inches;  and  since ^^^  =  1  -^  30,000,  and  S  = 
50,000,  the  breaking  load  for  this  column,  according  to  Rankine's 
formula,  is 

-p  _  50,000  X  11.76 


96 

1  + 


=  446,790  pounds. 


36,000  X  0.808, 


Since  the  factor  of  safety  equals  the  ratio  of  the  breaking  load  to 
the  actual  load  on  the  column,  the  factor  of  safety  in  this  case  is 

446,790 

2.  What  is  the  safe  load  for  a  cast-iron  column  10  feet  long 
with  square  ends  and  a  hollow  rectangular  section,  the  outside 
dimensions  being  5x8  inches;  the  inner,  4x7  inches;  and  the 
factor  of  safety,  6  ? 

In  this  case  I  =  10  feet  =  120  inches;  A=:5x8-4x7 
=  12  square  inches;  and  cZ  =  5  inches.  Hence,  according  to 
formula  10',  for  rectangular  sections,  the  breaking  load  is 

80,000    X     12  ->,^r.r.r. 

p  ^ 1 -Q^ =  610,000  pounds. 

^  '^  1,000  X  5^ 

Since  the  safe  load  equals  the  breaking  load  divided  by  the  factor 
of  safety,  in  this  case  the  safe  load  equals 

610,000 


6 


=  101,700  pounds. 


3.  A  channel  column  (see  Fig.  46,  J)  is  pin -ended,  the  pins 
being  perpendicular  to  the  webs  of  the  channel  (represented  by 
AA  in  the  figure),  and  its  length  is  16  feet  (distance  between  axes 
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of  the  pins).  If  the  sectional  area  is  23.5  square  inches,  and  the 
moment  of  inertia  with  respect  to  AA  is  3S6  inches*  and  with 
respect  to  BB  214  inches*,  what  is  the  safe  load  with  a  factor  of 
safety  of  4  ? 

The  column  is  liable  to  bend  in  one  of  two  ways,  namely,  in 
the  plane  perpendicular  to  the  axes  of  the  two  pins,  or  in  the  plane 
containing  those  axes. 

(^1)  For  bending  in  the  first  plane,  the  strength  of  the  col- 
umn is  to  be  computed  from  the  formula  for  a  pin -ended  column. 
Hence,  for  this  case,  t"^  =  386  -^  23.5  =  16;  and  the  breaking 
load  is 

50,000  X  23.5  10^1  rnn  i 

r  =  ng  y  Yl\2   =  1,041,600  pounds. 

^  ^  18,000  X  16 
The  safe  load  for  this  case  equals  — ^ — -^ — —  =  260,400  pounds. 

(2)  If  the  supports  of  the  pins  are  rigid,  then  the  pins 
stiffen  the  column  as  to  bending  in  the  plane  of  their  axes,  and  the 
strength  of  the  column  for  bending  in  that  plane  should  be  com- 
puted from  the  formula  for  the  strength  of  columns  with  flat  ends. 
Hence,  r-  =  214  -^  23.5  =  9.11,  and  thebreaking  load  is 

50,000  X  23.5 

P  =- nr  XX  10X-      =  1,056,000  pounds. 

(16  X  12)-  -I 

"^  36,000  X  9.11 
The  safe  load  for  this  case  equals  — ^ — -^ =  264,000  pounds. 

EXAMPLES    FOR    PRACTICE. 

1.  A  40-pound  12-inch  steel  I-beam  10  feet  long  is  used  as 

a  column  Muth  flat    ends  sustaining  a  load   of  100,000  pounds. 

What  is  its  factor  of  safety? 

Ans.     4.1 

2.  A  cast-iron  column  15  feet  long  sustains  a  load  of 
150,000  pounds.  Its  section  being  a  hollow  circle,  9  inches  out- 
side and  7  inches  inside  diameter,  what  is  the  factor  of  safety? 

Ans.     8.9 

3.  A  steel  Z-bar  column  (see  Fig.  46,  a)  is  24  feet  long  and 
has  square  ends;  the  least  radius  of  gyration  of  its  cross-section  is 
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3.1  inches;  and  the  area  of  the  cross-section  is  24.5  square  inches. 
What  is  the  safe  load  for  the  column  with  a  factor  of  safety  of  4? 

Ans.     247,000  pounds. 

4.  A  cast-iron  column  13  feet  long-  has  a  hollow  circular 
cross-section  7  inches  outside  and  5i  inches  inside  diameter. 
What  is  its  safe  load  with  a  factor  of  safety  of  6? 

Ans.     121,142  pounds. 

5.  Compute  the  safe  load  for  a  40-pound  12-inch  steel 
I-beam  used  as  a  column  with  flat  ends,  its  length  being  17  feet. 
Use  a  factor  of  safety  of  5. 

Ans.     52.470  pounds. 
84.     Graphical  Representation  of   Column  Formulas.     Col- 
umn (and  most  other  engineering)  formulas  can  be  represented 
graphically.     To  represent  Rankine's  formula  for  flat-ended  mild- 
steel  columns, 

P  50,000 

"A 


1  + 


36,000 


we  first  substitute  different  values  of  Z  h-  v  in  the  formula,  and 
solve  for  P  h-  A.     Thus  we  find,  when 

l^r  =    40,  P  -  A  =  47,900 
Z>r  =    80,  P- A  =  42,500 
l^r  =  120,  P  -  A  =  35,750 
etc.,  etc. 

Now,  if  these  values  of  Z  ^-  '/•  be  laid  off  by  some  scale  on  a  line 
from  O,  Fig.  48,  and  the  corresponding  values  of  P  -f-  A  be  laid 

P-4-A 

50000 


lOO 


Piff.  48. 


2  CO 


300 


off  vertically  from  the  points  on  the  line,  we  get  a  series  of  ])oints 
as  a,  1j,  c,  etc.;  and  a  smooth  curve  through  the  points  a,  b,  c, 
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etc.,  represents  the  formula.  Such  a  curve,  besides  representing 
the  formula  to  one's  eye,  can  be  used  for  finding  the  value  of 
F  -V-  A  for  any  value  of  Z  -f-  r;  or  the  value  of  /  -f-  r  for  any  value 
of  P  -^-  A.  The  use  herein  made  is  in  explaining  other  column 
formulas  in  succeeding  articles. 

85.  Combination  Column  Formulas.  Many  columns  have 
been  tested  to  destruction  in  order  to  discover  in  a  practical  way 
the  laws  relating  to  the  strength  of  columns  of  different  kinds. 
The  results  of  such  tests  can  be  most  satisfactorily  represented 
graphically  by  plotting  a  point  in  a  diagram  for  each  test.  Thus, 
suppose  that  a  column  whose  Z  -f-  r  was  80  failed  under  a  load  of 
27(3,000  pounds,  and  that  the  area  of  its  cross-section  was  7.12 
square  inches.  This  test  would  be  represented  by  laying  off  0«, 
Fig.  49,  equal  to  80,  according  to  some  scale;  and  then  ah  equal  to 
276,000  -^  7.12  (P  -^  A),  according  to  some  other  convenient 
scale.  The  point  T)  would  then  represent  the  result  of  this  par- 
ticular test.  All  the  dots  in  the  figure  represent  the  way  in  which 
the  results  of  a  series  of  tests  appear  when  plotted. 

It  will  be  observed  at  once  that  the  dots  do  not  fall  upon  any 
one  curve,  as  the  curve  of  Rankine's  formula.     Straight  lines  and 
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Fig.  49. 

curves  simpler  than  the  curve  of  Rankine's  formula  have  been 
fitted  to  represent  the  average  positions  of  the  dots  as  determined 
by  actual  tests,  and  the  formulas  corresponding  to  such  lines  have 
been  deduced  as  column  formulas.  These  are  explained  in  the 
followintr  articles. 

o 

86.    Straight-Line  and  Euler  Formulas.     It  occurred  to  Mr. 
T.  H.  Johnson  that  most  of  the  dots  corresponding  to  ordinary 
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lengths  of  columns  agree  with  a  straight  line  just  as  well  as  with 
a  curve.  He  therefore,  in  1886,  made  a  number  of  such  plats  or 
diagrams  as  Fig.  49,  fitted  straight  lines  to  them,  and  deduced  the 
formula  corresponding  to  each  line.  These  have  become  known 
as  "straight-line  formulas,"  and  their  general  form  is  as  follows: 


— r   =  b  -  m. — , 
A  r 


(n) 


P,  A,  Z,  and  /'having  meanings  as  in  Rankine's  formula  (Art.  83), 
and  S  and  rii  being;  constants  whose  values  accordino-  to  Johnson 
are  given  in  Table  E  below. 

For  the  slender  columns,  another  formula  (Euler's,  long  since 
deduced)  was  used  by  Johnson. 

n  being  a  constant  whose  values,  according  to  Johnson,  are  given 
in  the  followino;  table: 

TABLE  E. 

Data  for  MiId=Steel  Columns. 


Its  general  form  is- 


n 


S 

m- 

Limit  (Z  H-  )•) 

n 

Hinged  ends 

Flat  ends 

52,500 
52,500 

220 

180 

160 
195 

444,000.000 
666,000,000 

The  numbers  in  the  fourth  column  of  the  table  mark  the  point  of  divi- 
sion between  columns  of  ordinary  length  and  slender  columns.  For  the 
former  kind,  the  straight-line  formula  applies;  and  for  the  second,  Euler's. 
That  is,  if  the  ratio  l-^  r  for  a  steel  column  with  hinged  end,  for  example,  is 
less  than  160,  we  must  use  the  straight-line  formula  to  campute  its  safe  load, 
factor  of  safety,  etc.;  but  if  the  ratio  is  greater  than  160,  we  must  use  Euler's 
formula. 

For  cast-iron  columns  with  flat  ends,  S  =  34,000,  and  in  =  88;  and  since 
they  should  never  be  used  "slender,"  there  is  no  use  of  Euler's  formula  for 
cast-iron  columns. 

The  line  AB,  Fig.  50,  represents  Johnson's  straight-line  for- 
mula; and  BC,  Euler's  formula.  It  will  be  noticed  that  the  two 
lines  are  tangent;  the  point  of  tangency  corresponds  to  the  "lim- 
iting value  "  Z  -^  7",  as  indicated  in  the  table. 

Examples.     1.     A  40-pound  lO-in-^h  steel  I-beam  column  8 


107 


98 


STRENGTH  OF  MATERIALS 


feet  long  sustains  a  load  of  100,000  pounds,  and  the  ends  are  Hat. 
Compute  its  factor  of  safety  according  to  the  methods  of  this 
article. 

The  first  thing  to  do  is  to  compute  the  ratio  Z  -f-  ?•  for  the 
column,  to  ascertain  whether  the  straight-line  formula  or  Euler's 


loo 


200 


300 


Fig.  50. 

formula  should  be  used.  From  Table  C,  on  page  72,  we  find  that 
the  moment  of  inertia  of  the  column  about  the  neutral  axis  of 
its  cross-section  is  9.50  inches*,  and  the  area  of  the  section  is 
11.76  square  inches.     Hence 

9.50 


7"  = 


11.7(3 


=  0.81;  or  r  =  0.9  inch. 


Since  1  =  8  feet  =  96  inches, 
^   _    96   _ 


2 
106^ 


This  value  oi  I  -^  r  is  less  than  the  limiting  value  (195)  indicated 
by  the  table  for  steel  columns  with  flat  ends  (Table  E,  p.  97j,  and 
we  should  therefore  use  the  straight-line  formula;  hence 

jp^  =  52,500  -  180  X  106-^; 

or,  P  =  11.76  (52,500  -  180  X  106-^)  =  391,600 pounds. 

This  is  the  breaking  load  for  the  column  according  to  the  straight, 
line  formula;  hence  the  factor  of  safety  is 

391,600 


100,000 


=  3.9 


108 


STRENGTH  OF  MATERIALS  99 

2.  Suppose  that  the  length  of  the  column  described  in  the 
preceding  example  were  16  feet.    "What  would  its  factor  of  safety  be? 

Since  I  :=  IQ  feet  =  192  inches;  and,  as  before,  r  =  0.9 
inch,  I  ~-  r  =  213|.  This  value  is  greater  than  the  limiting 
value  (195)  indicated  by  Table  E  (p.  97)  for  flat-ended  steel  col- 
umns; hence  Euler's  formula  is  to  be  used.     Thus 

P  066,000,000 


11.76  ~      (213^)'     ' 

11.76  X  666,000,000 
or,  1   = ,)■)  ...so =  172,100  pounds. 

This  is  the  breaking  load;  hence  the  factor  of  safety  is 

172,100  _  ^^ 
100,000  "~ 

3.  "What  is  the  safe  load  for  a  cast-iron  column  10  feet  long 
with  square  ends  and  hollow  rectangular  section,  the  outside 
dimensions  being  5x8  inches  and  the  inside  4x7  inches,  with  a 
factor  of  safety  of  6  ? 

Substituting  in  the  formula  for  the  radius  of  gyration  giveD 
in  Table  A,  page  54,  we  get 


>il2^ 


:  1.96  inches. 


(8X5-7X4) 
Since  I  =  10  feet  =  120  inches, 

I    _    120 


61.22 


According  to  the   straight-line  formula  for  cast  iron,  A  being 
equal  to  12  square  inches, 

Z.  =  34,000-88  X  61.22; 

or,  P  =  12  (34,000  -  88  X  01.22)  =  343,360  pounds. 

This  being  the  breaking  load,  the  safe  load  is 

il?^  =  57,227  pounds. 
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EXAMPLES  FOR  PRACTICE. 

1.  A  4:0-pound  12-inch  steel  I-beam  10  feet  long  is  used  as 
a  flat-ended  column.  Its  load  being  100,000  pounds,  compute 
the  factor  of  safety  by  the  formulas  of  this  article. 

Ans.     3.5 

2.  A  cast-iron  column  15  feet  long  sustains  a  load  of 
150,000  pounds.  Its  section  being  a  hollow  circle  of  9  inches 
outside  and  7  inches  inside  diameter,  compute  the  factor  of  safety 
by  the  straight-line  formula. 

Ans.     2.8 

3.  A  steel  Z-bar  column  (see  Fig.  46,  a)  is  24  feet  long 
and  has  square  ends;  the  least  radius  of  gyration  of  its  cross- 
section  is  3.1  inches;  and  the  area  of  the  cross-section  is  24.5 
square  inches.  Compute  the  safe  load  for  the  column  by  the 
formulas  of  this  article,  using  a  factor  of  safety  of  4. 

Ans.     219,000  pounds. 

4.  A  hollow  cast-iron  column  13  feet  long  has  a  circular 

cross-section,  and   is   7   inches  outside  and   5i  inches  inside   in 

diameter.     Compute  its  safe  load  by  the  formulas  of  this  article, 

using  a  factor  of  safety  of  6. 

Ans.     68,500  pounds 

5.  Compute  by  the  methods  of  this  article  the  safe  load  for 
a  40-pound  12-inch  steel  I-beam  used  as  a  column  with  flat  ends, 
ii  the  length  is  17  feet  and  the  factor  of  safety  5. 

Ans.     35,100  pounds. 

87.     ParaboIa=EuIer  Formulas.     As  better  fitting  the  results 

of  tests  of  the  strength  of  columns  of  "  ordinary  lengths,"  Prof. 

J.  B.  Johnson  proposed  (1892)  to  use  parabolas  instead  of  straight 

lines.     The  general  form  of  the  "  parabola  formula  "  is 

Z.  =  S-«,(-i)',  (13) 

P,  A,  I  and  7'  having  the  same  meanings  as  in  Pankine's  formula. 
Art.  83;  and  S  and  1)1  denoting  constants  whose  values,  according 
to  Professor  Johnson,  are  given  in  Table  F  below. 

Like  the  straight-line  formula,  the  parabola  formula  should 
not  be  used  for  slender  columns,  but  the  following  (Euler's)  is 
applicable : 
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n 


A  -  (i  ^  ,■)'■  ('4) 

the  values  of  n  (Johnson)  beincr  given  in  the  following  table: 


TABLE  F. 
Data  for  Hild  Steel  Columns. 

S 

m 

Limit  {I  -^  ?■) 

n 

Hinged  ends 

Flat  ends 

42,000 
42,000 

0.97 
0.62 

150 
190 

456.000.0{X) 
712.000,0CK) 

The  point  of  division  between  columns  of  ordinary  length  and  slender 
columns  is  given  in  the  fourth  column  of  the  table.  That  is,  if  the  ratio  l-r-r 
for  a  column  with  hinged  ends,  for  example,  is  less  than  150,  the  parabola 
formula  should  be  used  to  compute  the  safe  load,  factor  of  safety,  etc. ;  but 
if  the  ratio  is  greater  than  150,  then  Euler  's  formula  should  be  used. 

The  line  AB,  Fig.  51,  represents  the  parabola  formula ;  and  the  line 
BC,  Euler 's  formula.  The  two  Unes  are  tangent,  and  the  point  of  tangency 
corresponds  to  the  "limiting  value"  l-^r  of  the  table. 

For  wooden  cohimns  square  in  cross-section,  it  is  convenient  to  replace 
r  by  d,  the  latter  denoting  the  length  of  the  sides  of  the  square.  The  formula 
becomes 


A 


=  S- 


(> 


S  and  m  for  flat-ended  columns  of  various  kinds  of  wood  having  the  follow- 
ing  values   according   to   Professor  .Tohnson: 

For  White  {line,  S=2,500,  m  =  0.6; 

"     Shortdeaf  yellow  pine,  8=3,300,  m  =  0.7 

"    Longdeaf  yellow   pine,   8=4,000,  m  =  0.8; 

"    White   oak,  8=3,500,  m  =  0.8. 

The  preceding  formula  applies  to  any  wooden  column  whose  ratio,  l-^d, 

is  less  than  60,  within  which  limit  columns  of  practice  are  included. 
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Exarfijples.     1.     A  40-pound  10-inch  steel    I-beam  column 
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8  feet  long  sustains  a  load  of  100,000  pounds,  and  its  ends  are  flat. 
Compute  its  factor  of  safety  according  to  the  methods  of  this 
article. 

The  first  thing  to  do  is  to  compute  the  ratio  I  -^  r  for  the 
column,  to  ascertain  whether  the  parabola  formula  or  Euler's  for- 
mula should  be  used.  As  shown  in  example  1  of  the  preceding 
article,  I  -^  r  ^=  106|.  This  ratio  being  less  than  the  limiting 
value,  190,  of  the  table,  we  should  use  the  parabola  formula. 
Hence,  since  the  area  of  the  cross-section  is  11.70  square  inches 
(see  Table  C,  page  72), 

^     =  42,000  -  0.G2  (106^)^; 
11.76  '  V       a;  » 

or,  P  -:  11.76  [42,000  -  0.62  (106f  )^]  =  410,970  pounds. 

This  is  the  breaking  load  according  to  the  parabola  formula;  hence 
the  factor  of  safety  is 

410,970  _  ^  ^ 

100,000 

2.  A  white  pine  column  10  X  10  inches  in  cross-section  and 
18  feet  long  sustains  a  load  of  40,000  pounds.  What  is  its  factor 
of  safety  ? 

The  length  is  18  feet  or  216  inches;  hence  the  ratio  I  -^  d  = 
21.6,  and  the  parabola  formula  is  to  be  applied. 
Now,  since  A  =  10  X  10  ==  100  square  inches, 

j^  -  2,500  -  0.6  X  21.6^; 
or,  P  =  100  (2,500  -  0.6  X  21.6^)  =  222,000  pounds. 

This  being  the  breaking  load  according  to  the  parabola  formula, 
the  factor  of  safety  is 

222,000  _ 

40,000   ~  ^-^ 

3.  "What  is  the  safe  load  for  a  long-leaf  yellow  pine  column 
12  X  12  inches  square  and  30  feet  long,  the  factor  of  safety 
being  5  ? 

The  length  being  30  feet  or  300  inches, 

?   _  360  _ 


112 


STRENGTH  OF  MATERIALS  103 

hence  the  parabola  formula  should  be  used.     Since  A  =  12  X  12 
=  144  square  inches, 

-.TTJ  =  4,000  -  0.8  X  30": 
144  '  ' 

or,  P  =  144  (4,000  -  0.8  X  30")  =  472,320  pounds. 

This  beino;  the  breaking  load  according  to  the  parabola  rorniula, 

the  safe  load  is 

472  320 

^ =  94,465  pounds. 

EXAMPLES    FOR    PRACTICE. 

1.  A  40-pound  12-inch  steel  I-beam  10  feet  long  is  used  as 

a  fiat-ended  column.     Its  load  being  100,000  pounds,  compute  its 

factor  of  safety  by  the  formulas  of  this  article. 

Ans.     3.8 

2.  A  white   oak   column    15    feet    long   sustains   a  load  of 

30,000  pounds.      Its  section  being  8x8  inches,  compute    the 

factor  of  safety  bv  the  parabola  formula. 

Ans.     6.6 

3.  A  steel  Z-bar  column  (see  Fig.  46,  a)  is  24  feet  long  and 
has  square  ends;  the  least  radius  of  gyration  of  its  cross-section 
is  3.1  inches;  and  the  area  of  its  cross-section  is  24.5  square 
inches.  Compute  the  safe  load  for  the  column  by  the  formulas 
of  this  article,  using  a  factor  of  safety  of  4. 

Ans.     224,500  pounds. 

4.  A  short-leaf  yellow  pine  column  14  X  14  inches  in  sec- 
tion is  20  feet  long.     What  load  can  it  sustain,  with  a  factor  of 

safety  of  6  ? 

Ans.   101,100  pounds. 

88.  "  Broken  Straight=Line  "  Formula.  A  large  steel  com- 
pany computes  the  strength  of  its  flat-ended  steel  columns  by  two 
formulas  represented  by  two  straight  lines  AB  and  BC,  Fig.  52. 
The  formulas  are 

X  =  48,000, 

and  -^  =  68,400  -  228    -, 

A  r 

P,  A,  Z,  and  r  having  the  same  meanings  as  in  Art.  83. 
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The  point  B  corresponds  very  nearly  to  the  ratio  I  -r-  7-  =  90. 
Hence,  for  cohinms  for  wliicli  the  ratio  I  -^  r  is  less  than  90,  the 
iirst  fornuila  applies;  and  for  columns  for  which  the  ratio  is 
greater  than  90,  the  second  one  applies.  The  point  C  corre- 
sponds to  the  ratio  I  -^  r  =  200,  and  the  second  formula  does  not 
apply  to  a  column  for  which  ^  -=-  r  is  greater  than   that  limit. 


50000 


The  ratio  I  ^r-  r  for  steel  columns  of  practice  rarely  exceeds  150, 
and  is  usually  less  than  100. 

Fig.  53  is  a  combination  of  Figs.  49,  50,  51  and  52,  and 
represents  graphically  a  comparison  of  the  Rankine,  straight-line, 
Euler,  parabola -Euler,  and  broken  straight-line  formulas  for  flat- 
ended  mild-steel  columns,  It  well  illustrates  the  fact  that  our 
knowledge  of  the  streng-th  of  columns  is  not  so  exact  as  that,  for 
example,  of  the  strength  of  beams. 

P-^A 
50000^ 


100 


200 


300 


Fig,  53. 


89.     Design  of  Columns.     All  the  preceding  examples  relat- 
ing to  columns  were  on  either  (1)  computing  the  factor  of  safety 
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of  a  given  loaded  column,  or  (2)  computing  the  safe  load  for  a 
given  column.  A  more  important  problem  is  to  design  a  column 
to  sustain  a  given  load  under  given  conditions.  A  complete  dis- 
cussion of  this  problem  is  given  in  a  later  paper  on  design.  We 
show  here  merely  how  to  compute  the  flimensions  of  the  cross- 
section  of  the  column  after  the  form,  of  the  cross-section  has  been 
decided  upon. 

In  only  a  few  cases  can  the  dimensions  be  computed  directly 
(see  example  1  following),  but  usually,  when  a  column  formula  is 
applied  to  a  certain  case,  there  will  be  two  unknown  quantities  in 
it,  A  and  '/■  or  d.  Such  cases  can  best  be  solved  by  trial  (see 
examples  2  and  3  below). 

Ediaiivple.  1.  What  is  the  proper  size  of  white  pine  column 
to  sustain  a  load  of  80,000  pounds  with  a  factor  of  safety  of  5, 
when  the  length  of  the  column  is  22  feet  ? 

We  use  the  jiarabola  formula  (equation  13).  Since  the  safe 
load  is  80,000  pounds  and  the  factor  of  safety  is  5,  the  breaking 
load  P  is 

80,000  X  5  =  400,000  pounds. 

The  unknoM'n  side  of  the  (square)  cross-section  being  denoted  by 
rt',  the  area  A  is  d".  Hence,  substituting  in  the  formula,  since  I 
=  22  feet  =  264  inches,  we  have 

400  000  264^ 

1^1-:^  =  2,500  -  0.6  — -. 

<:r  d^ 

Multiplying  both  sides  by  d'  gives 

400,000  =  2,500  (7-  -  0.6  X  204^ 
or  2,500  d-'  =  400,000  +  0.6  x  264^  =  441,817.6. 

Hence  d^  =  176.73,  or  d  =  13.3  inches. 

2.  What  size  of  cast-iron  column  is  needed  to  sustain  a  load 
of  100,000  pounds  with  a  factor  of  safety  of  10,  the  length  of  the 
colunm  being  14  feet  ? 

We  shall  suppose  that  it  has  been  decided  to  make  the  cross- 
section  circular,  and  shall  compute  by  Rankine's  formula  modified 
for  cast-iron  columns  (equation  10').  The  breaking  load  for  the 
column  would  be 
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100,000  X  10  =  1,000,000  pounds. 
The  length  is  14  feet  or  168  inches;  hence  the  formula  oecomes 

1,000,000  _  80,000  ^ 
A  "        I68^' 

or,  reducing  by  dividing  both  sides  of  the  equation  by  10,000,  and 
then  clearing  of  fractions,  we  have 

There  are  two  unknown  quantities  in  this  equation,  d  and  A,  and 
we  cannot  solve  directly  for  them.  Probably  the  best  way  to  pro- 
ceed is  to  assume  or  guess  at  a  practical  value  of  d^  then  solve  for 
A,  and  finally  compute  the  thickness  or  inner  diameter.  Thus,  let 
us  try  d  equal  to  7  inches,  first  solving  the  equation  for  A  as  far 
as  possible.     Dividing  both  sides  by  8  we  have 


and,  combining, 


100  r  1683 

8     L-^  +  800^J' 


441 

12.5  +  ^. 


Now,  substituting  7  for  d,  we  have 

441 
A  =  12.5  +  -jq    =^  21.5  square  inches. 

The  area  of  a  hollow  circle  whose  outer  and  inner  diameters  are 
d  and  d^  respectively,  is  0.7854  (d^  -  d^).  Hence,  to  find  the  inner 
diameter  of  the  column,  we  substitute  7  for  d  in  the  last  expres- 
sion, equate  it  to  the  value  of  A  just  found,  and  solve  for  d^.  Thus, 

0.7854  {AQ-d^^)  =  21.5- 


hence 


^^-''  =  §k  =  ^''^'''' 


and  d^^  =  49  -  27.37  =  21.63  or  d^  =  4.65, 

This  value  of  d  makes  the  thickness  equal  to 

I  (7-4.65)  =  1.175  inches, 
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which  is  safe.     It  might    be  advisable  in  an  actual  case  to  try 
d  equal  to  8  repeating  the  computation.* 

EXAMPLE  FOR  PRACTICE. 

1.  What  size  of  white  oak  column  is  needed  to  sustain  a  load 
of  45,000  pounds  with  a  factor  of  safety  of  (3,  the  length  of  the 
column  being  12  feet. 

Ans.     d  =  8-^>  practically  a  10  X  10-inch  section 

STRENGTH  OF  SHAFTS. 
A  shaft  is  a  part  of  a  machine  or  system  of  machines,  and  is 
used  to  transmit  powder  by  virtue  of  its  torsional  strength,  or  resist- 
ance to  twisting.     Shafts  are  almost  always  made  of  metal  and  are 
usually  circular  in  cross -section,  being  sometimes  made  hollow, 

90.  Twisting  Moment.  Let  AF,  Fig.  51,  represent  a  shaft 
with  four  pulleys  on  it.  Suppose  that  D  is  the  driving  pulley 
and  that  B,  C  and  E  are  pulleys  from  which  power  is  taken  off  to 
drive   machines.     The  portions  of  the  shafts  between  the  pulleys 

E 


Fig.  54. 


are  twisted  when  it  is  transmitting  pow-er;  and  by  the  twisting 
moment  at  any  cross-section  of  the  shaft  is  meant  the  algebraic 
sum  of  the  moments  of  all  the  forces  acting;  on  the  shaft  on  either 


*  Note.  The  structural  steel  handbooks  contain  extensive  tables  by 
means  of  which  the  design  of  columns  of  steel  or  cast  iron  is  much  facilitated. 
The  difficulties  encountered  in  the  use  of  formuhx;  are  well  illustrated  in  this 
example. 
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side  of  the  section,  the  moments  being  taken  Mnth  respect  to  the 
axis  of  the  shaft.  Thus,  if  the  forces  acting  on  the  shaft  (at  the 
pulleys)  are  P,,  P„,  Pg,  and  P^  as  shown,  and  if  the  arms  of  the 
forces  or  radii  of  the  pulleys  are  <^j,  a^^  a^,  and  a^  respectively,  then 
the  twisting  moment  at  any  section  in 

BC  is  Pj  «„ 

CD  is  Pj  a,  +  P2  «o, 

DE  is  Pi  a,  +  P^  a,  -  P3  a,. 

Like  bending  moments,  twisting  moments  are  usually  ex- 
pressed in  inch -pounds. 

Examijle.  Let  <?,  =  a^  =  a^=  Vb  inches,  ag  =  30  inches, 
Pj  —  400  pounds,  P.,  =  500  pounds,  P^  =  750  pounds,  and  P^  = 
600  pounds.*  "What  is  the  value  of  the  greatest  twisting  moment 
in  the  shaft  ? 

At  any  section  between  the  first  and  second  pulleys,  the 
twisting;  moment  is 

400  X  15  =  6,000  inch-pounds; 

at  any  section  between  the  second  and  third  it  is 

400  X  15  +  500  X  15  =  13,500  inch-pounds;  and 
at  any  section  between  the  third  and  fourth  it  is 

400  X  15  +  500  X  15  -  750  X  30  =  -  9,000  inch-pounds. 
Hence  the  greatest  value  is  13,500  inch-pounds. 

91.  Torsional  Stress.  The  stresses  in  a  twisted  shaft  are 
called  "torsional"  stresses.  The  torsional  stress  on  a  cross-section 
of  a  shaft  is  a  shearing  stress,  as  in  the  case  illustrated  by  Fig.  55, 
which  represents  a  flange  coupling  in  a  shaft.  Were  it  not  for 
the  bolts,  one  flange  would  slip  over  the  other  when  either  part 
of  the  shaft  is  turned;  but  the  bolts  prevent  the  slipping.  Obvi- 
ously there  is  a  tendency  to  shear  the  bolts  off  unless  they  are 
screwed  up  very  tight;  that  is,  the  material  of  the  bolts  is  sub- 
jected to  shearing  stress. 

Just  so,  at  any  section  of  the  solid  shaft  there  is  a  tendency 
for  one  part  to  slip  past  the  other,  and  to  prevent  the  slipping  or 

*  Note.  These  numbers  were  so  chosen  that  the  moment  of  P  (driving 
moment)  equals  the  sum  of  the  moments  of  the  other  forces.  This  is  always 
the  case  in  a  shaft  rotating  at  constant  speed;  that  is,  the  power  given  the 
shaft  equals  the  power  taken  off. 
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shearino;  of  the  shaft,  there  arise  shearing  stresses  at  all  parts  of 
the  cross-section.  The  shearino;  stress  on  the  cross-section  of  a 
shaft  is  not  a  uniform  stress,  its  value  per  unit-area  being  zero  at 
the  center  of  the  section,  and  increasing  toward  the  circumference. 
In  circular  sections,  solid  or  hollow,  the  shearing  stress  per  unit- 
area  (unit-stress)  varies  directly  as  the  distance  from  the  center 
of  the  section,  provided  the  elastic  limit  is  not  exceeded.  Thus, 
if   the   shearing  unit-stress  at  the   circumference   of  a  section   is 


Pig.  55. 

1,000  pounds  per  square  inch,  and  the  diameter  of  the  shaft  is 
2  inches,  then,  at  -|  inch  from  the  center,  the  unit-stress  is  500 
pounds  per  square  inch;  and  at  ^  inch  from  the  center  it  is  250 
pounds  per  square  inch.  In  Fig.  55  the  arrows  indicate  the 
values  and  the  directions  of  the  shearing  stresses  on  very  small 
portions  of  the  cross-section  of  a  shaft  there  represented. 

92.  Resisting  Moment.  By  "resisting  moment"  at  a  sec- 
tion of  a  shaft  is  meant  the  sum  of  the  moments  of  the  shearino- 
stresses  on  the  cross-section  about  the  axis  of  the  shaft. 

Let  Sg  denote  the  value  of  the  shearing  stress  per  unit-area 
(unit-stress)  at  the  outer  points  of  a  section  of  a  shaft;  d  the 
diameter  of  the  section  (outside  diameter  if  the  shaft  is  hollow); 
and  c7,  the  inside  diameter.  Then  it  can  be  shown  that  the  re- 
sisting moment  is: 

For  a  solid  section,    0.19G3  Sg  d^; 

0.19G3  Sg  (d'  -  r/,-'). 


For  a  hollow  section. 


d 


93.     Formula  for  the  Strength  of  a  Shaft.     As  in  the  case 
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of  beams,  the  resisting  moment  e(juals  the  twisting  moment  at 
any  section.  If  T  be  used  to  denote  twisting  moment,  then  we 
have  the  formulas : 

For  solid  circular  shafts,  0.1963  S.d'  =  T-  ) 

For  hollow  circular  shafts,  -^ =^- L_  =  T,  (  V*5j 

a  ) 

In  any  portion  of  a  shaft  of  constant  diameter,  the  unit- 
shearing  stress  Sg  is  greatest  where  the  twisting  moment  is  greatest. 
Hence,  to  compute  the  greatest  unit-shearing  stress  in  a  shaft, 
we  first  determine  the  value  of  the  greatest  twisting;  moment, 
substitute  its  value  in  the  first  or  second  equation  above,  as  the 
case  may  be,  and  solve  for  Sg.  It  is  customary  to  express  T  in 
inch-pounds  and  the  diameter  in  inches,  S^  then  being  in  pounds 
per  square  inch. 

Exainiyles.  1.  Compute  the  value  of  the  greatest  shearing 
unit-stress  in  the  portion  of  the  shaft  between  the  first  and  second 
pulleys  represented  in  Fig.  54,  assuming  values  of  the  forces  and 
pulley  radii  as  given  in  the  example  of  article  90.  Suppose  also 
that  the  shaft  is  solid,  its  diameter  being  2  inches. 

The  twisting  moment  T  at  any  section  of  the  portion  between 
the  first  and  second  pulleys  is  6,000  inch-pounds,  as  shown  in  the 
example  referred  to.  Hence,  substituting  in  the  first  of  the  two 
formulas  15  above,  we  have 

0.1963  S3  X  2^  =  6,000; 
or,  Sg  =      iQpq  -^  o  =  3,820  pounds  per  square  inch. 

This  is  the  value  of  the  unit-stress  at  the  outside  portions  of  all 
sections  between  the  first  and  second  pulleys. 

2.  A  hollow  shaft  is  circular  in  cross-section,  and  its  outer 
and  inner  diameters  are  16  and  8  inches  respectively.  If  the 
working  strength  of  the  material  in  shear  is  10,000  pounds  per 
square  inch,  what  twisting  moment  can  the  shaft  safely  sustain  ? 

The  problem  requires  that  we  merely  substitute  the  values  of 
Sg,  <7,  and  d^  in  the  second  of  the  above  formulas  15,  and  solve  for 
T.     Thus, 

^  ^  0.1963X10  OOP  (16' -8')  _  ^^  i„„h.pounds. 

16  ^ 
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EXAMPLES  FOR  PRACTICE. 

1.  Compute  the  greatest  value  of  the  shearing  unit-stress  in 
the  shaft  represented  in  Fig.  54,  using  the  values  of  the  forces 
and  pulley  radii  given  in  the  example  of  article  90,  the  diameter 
of  the  shaft  being  2  inches. 

Ans.     8,595  pounds  per  square  inch 

2.  A  solid  shaft  is  circular  in  cross-section  and  is  9.6  inches 
in  diameter.  If  the  workingr  strencrth  of  the  material  in  shear  is 
10,000  pounds  per  square  inch,  how  large  a  twisting  moment  can 
the  shaft  safely  sustain?  (The  area  of  the  cross-section  is  practically 
the  same  as  that  of  the  hollow  shaft  of  example  2  preceding.) 

Ans.  1,736,736  inch-pounds. 

94.  Formula  for  the  Power  Which  a  Shaft  Can  Transmit. 
The  power  that  a  shaft  can  safely  transmit  depends  on  the  shear- 
ing working  strength  of  the  material  of  the  shaft,  on  the  size  of 
the  cross-section,  and  on  the  speed  at  which  the  shaft  rotates. 

Let  II  denote  the  amount  of  horse-power;  Sg  the  shearing 
working  strength  in  pounds  per  square  inch;  d  the  diameter 
(outside  diameter  if  the  shaft  is  hollow)  in  inches;  d^  the  inside 
diameter  in  inches  if  the  shaft  is  hollow;  and  n  the  number  of 
revolutions  of  the  shaft  per  minute.  Then  the  relation  between 
power  transmitted,  unit-stress,  etc.,  is: 

'^  d^  n  1 

For  solid  shafts,    II  =    •->9i  ooo  '  I 

For  hollow  shafts,  H  =  — ^^^■,  ,^..,'  ^ — 
'  321,000  d      J 

Examjjles.  1.  Wliat  horse-power  can  a  hollow  shaft  16 
inches  and  8  inches  in  diameter  safely  transmit  at  50  revolutions 
per  minute,  if  the  shearing  working  strength  of  the  material  is 
10,000  pounds  per  square  inch? 

We  have  merely  to  substitute  in  the  second  of  the  two  for- 
mulas 16  above,  and  reduce.     Thus, 

^        10,000  (16' -8"!  50         „„„,  ,       ,  , 

^  =        331,000  X  IB        =  ^'^^  horse.po«-er  (nearly). 

2.  "What  size  of  solid  shaft  is  needed  to  transmit  6,000  horse- 
power at  50  revolutions  per  minute  if  the  shearing  working 
strength  of  the  material  is  10,000  pounds  per  square  inch? 
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We  have  merely  to  substitute  in  the  iirst  of  the  two  fonuulas 
16,  and  solve  for  <L     Thus, 

10,000  X  d'  X  50 


6,000 


321,000 


,,       ,  73       6,000  X  321,000 

therefore  d^  =      10,000  X  50      =  ^'^^^' 

or,  d  =.--  I^p52  =  15.68  inches. 

(A  solid  shaft  of  this  diameter  contaius  over  25%  more  material  than 
the  hollow  shaft  of  example  1  preceding.  There  is  therefore  considerable 
saving  of  material  in  the  hollow  shaft.) 

3.  A  solid  shaft  4  inches  in  diameter  transmits  200  horse- 
power while  rotating  at  200  revolutions  per  minute.  What  is  the 
greatest  shearing  unit-stress  in  the  shaft? 

We  have  merely  to  substitute  in  the  first  of  the  equations  16, 
and  solve  for  Sg.     Thus, 

_  S,  X  43  X   200^ 
321,000        ' 

200  X   321,000       ,.,.  ,  .     , 

or,      fe  = J.3  V  900 ^^  5,01d  pounds  per  square  inch. 

EXAMPLES  FOR  PRACTICE. 

1.  What  horse-power  can  a  solid  shaft  9,6  inches  in  diameter 
safely  transmit  at  50  revolutions  per  minute,  if  its  shearing  work- 
ing strength  is  10,000  pounds  per  square  inch  ? 

Ans.     1,378  horse-power. 

2.  What  size  of  solid  shaft  is  required  to  transmit  500  horse- 
power at  150  revolutions  per  minute,  the  shearing  working  strength 
of  the  material  being  8,000  pounds  per  square  inch. 

Ans.     5.1  inches. 

3.  A  hollow  shaft  whose  outer  diameter  is  11  and  inner  6.7 
inches  transmits  5,000  horse-power  at  60  revolutions  per  minute. 
What  is  the  value  of  the  greatest  shearing  unit-stress  in  the  shaft? 

Ans.     10,273  pounds  per  square  inch. 

STIFFNESS  OF  RODS,  BEAM5,  AND  SHAFTS. 

The   preceding   discussions    have  related  to  the  strength  of 
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materials.     "We  sliall  now  consider  principally  the  domjittlon  of 
rods,  def  ection  of  bed  III  s^  and  twist  of  shaft  i<. 

95.  Coefficient  of  Elasticity.  According  to  Ilooke's  Law 
(Art.  1),  p.  7),  the  elongations  of  a  rod  subjected  to  an  increasing 
pull  are  ])roportional  to  the  pull,  provided  that  the  stresses  due  to 
the  pull  do  not  exceed  the  elastic  limit  of  the  material.  Within 
the  elastic  limit,  then,  the  ratio  of  the  pull  and  the  elongation  is 
constant;  hence  the  ratio  of  the  unit-stress  (due  to  the  pull)  to  the 
unit-eloncration  is  also  constant.  This  last-named  ratio  is  called 
'*■  coetHcient  of  elasticity."  If  E  denotes  this  coetlicient,  S  the 
unit-stress,  and  ,v  the  unit-deformation,  then 

E  =  -•  (17) 

Coefficients  of  elasticity  are  usually  expressed  in  pounds  per  square  inch. 

The  preceding  remarks,  delinition,  and  formula  a'P})ly  also  to 
a  case  of  compression,  provided  that  the  material  being  compressed 
does  not  bend,  but  simply  shortens  in  the  direction  of  the  com- 
pressing forces.  The  following  table  gives  the  average  values  of 
the  coefficient  of  elasticity  for  various  materials  of  construction: 

TABLE  G. 

Coefficients  of  Elasticity. 


Material. 

Average  CoefBcient  of  Elasticity. 

Steel 

Wrought  iron 

Cast  iron 

Timber 

30.000,000  pounds  per  square  inch. 
27.500.000        *' 

15.000,000        "          "          "           '• 
1,800,000        "         " 

The  coefficients  of  elasticity  for  steel  and  wrought  iron,  for  different 
grades  of  those  materials,  are  remarkably  constant;  but  for  different  grades 
of  cast  iron  the  coefficients  range  from  about  10,000,000  to  30,000,000  pounds 
per  square  inch.  Naturally  the  coefficient  has  not  the  same  value  for  the 
different  kinds  of  Avood;  for  the  principal  woods  it  ranges  from  1,000,000 
(for  spruce)   to  2,100,000   (for  white  oak). 

Formula  17  can  be  ])ut  in  a  form  more  convenient  for  ufee,  as 
follows  : 

Let  P  denote  the  force  producing  the  deformation  ;  A  the 
area  of  the  cross-section  of  the  piece  on  which  P  acts  ;  /  the  length 
of  the  piece  ;  and  D  the  deformation  (elongation  or  shortening). 
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Then 

S  =  P  -^  A  (see  equation  1), 
and  s  =^  T>  ^^  I  (see  equation  2). 

Hence,  substituting  these  values  in  equation  17,  we  have 

E  =  AD'-^  =  AE-  ^'7) 

The  first  of  these  two  equations  is  used  for  computing  the  value  of 
the  coefficient  of  elasticity  from  measurements  of  a  "  test,"  and 
the  second  for  computing  the  elongation  or  shortening  of  a  given 
rod  or  bar  for  which  the  coefficient  is  known. 

Examples.  1.  It  is  required  to  compute  the  coefficient  of 
elasticity  of  the  material  the  record  of  a  test  of  which  is  given  on 
page  9. 

Since  the  unit-stress  S  and  unit-elongation  s  are  already 
computed  in  that  table,  we  can  use  equation  17  instead  of  the  first 
of  equations  17'.  The  elastic  limit  being  between  40,000  and 
45,000  pounds  per  square  inch,  we  may  use  any  value  of  the 
unit-stress  less  than  that,  and  the  corresponding  unit-elongation. 

Thus,  with  the  first  values  given. 


5,000 
^  =  oijOlT  =  29,400,000. 


With  the  second, 

10,000 
^=O0085  =  2S'^^00,000. 

This  lack  of  constancy  in  the  value  of  E  as  computed  from  different 
loads  in  a  test  of  a  given  material,  is  in  part  due  to  errors  in  measuring  the 
deformation,  a  measurement  difficult  to  make.  The  value  of  the  coefficient 
adopted  from  such  a  test,  is  the  average  of  all  the  values  of  E  which  can  be 
computed  from  the  record. 

2.  How  much  will  a  pull  of  5,000  pounds  stretch  a  round 
steel  rod  10  feet  long  and  1  inch  in  diameter  ? 

We  use  the  second  of  the  two  formulas  17'.  Since  A  = 
0.7854  X  1'  =  0.7854  square  inches,  I  =-.  120  inches,  and  E  = 
30,000,000  pounds  per  square  inch,  the  stretch  is: 

^         5,000  X  120  ^  _ __  .     . 

^  =   0.7854  X  30,000,000  =  ^"^^^^  ^"^^- 
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EXAMPLES  FOR  PRACTICE. 

1.  What  is  the  eoetticient  of  elasticity  of  a  material  if  a  pull 
of  20,000  Dounds  will  stretch  a  rod  1  inch  in  diameter  and  4  feet 
long  0.045'inch  ? 

Ans.  27,000,000  pounds  per  square  inch. 

2.  How  much  will  a  pull  of  15,000  pounds  elonorate  a  round 
cast-iron  rod  10  feet  long  and  1  inch  in  diameter  ? 

Ans.  0.152  inch. 

96.     Temperature  Stresses.      In  the  case  of  most  materials, 

wdien  a  bar  or  rod   is  heated,  it  lengthens;  and  when   cooled,  it 

shortens  if  it  is  free  to  do  so.     The  coefficient  of  linear  expansion 

of  a  material  is  the  ratio  which  the  elongation  caused  in  a  rod  or 

bar  of  the  material  by  a  change  of  one  degree  in  temperature  bears 

to  the  length  of  the  rod  or  l)ar.      Its  values  for  Fahrenheit  degrees 

are  about  as  follows: 

For  Steel,  0.0000065. 

For  Wrought  iron,    .0000067. 
For  Cast  iron,  .0000062, 

Let  K  be  used  to  denote  this  coefficient;  t  a  change  of  tem- 
perature, in  degrees  Fahrenheit;  I  the  length  of  a  rod  or  bar; 
and  I)  the  change  in  leno;th  due  to  the  change  of  temijcrature. 
Then 

D  =  K  ^  /.  (l8) 

D  and  I  are  expressed  in  the  same  unit. 

If  a  rod  or  bar  is  confined  or  restrained  so  that  it  cannot 
chancre  its  length  when  it  is  heated  or  cooled,  then  any  chano-e  in 
its  temperature  produces  a  stress  in  the  rod;  such  are  called  tem= 
perature  stresses. 

l^.i'inrqjJrx.  1.  A  steel  rod  connects  two  solid  walls  and  is 
screwed  up  so  that  the  unit-stress  in  it  is  10.000  pounds  per 
square  inch.  Its  temperature  falls  10  degrees,  and  it  is  observed 
that  the  walls  have  not  been  drawn  together.  What  is  the  temper- 
ature stress  produced  by  the  change  of  temperature,  and  what  is 
the  actual  unit-stress  in  the  rod  at  the  new  temperature  ? 

Let  I  denote  the  length  of  the  rod.  Then  the  change  in 
length  which  would  occur  if  the  rod  were  free,  is  given  by  formula 
18,  above,  thus: 

D  =  0.0000065  X  10  X  ?  =  0.000065  I. 
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Now,  since  the  rod  could  not  shorten,  it  lias  a  o^reater  than  normal 
length  at  the  new  temperature;  that  is,  the  fall  in  temperature  has 
produced  an  erff'ect  equivalent  to  an  elongation  in  the  rod  amount- 
ing to  D,  and  hence  a  tensile  stress.  This  tensile  stress  can  be 
computed  from  the  elongation  D  by  means  of  formula  17.     Thus, 

S  =  E  s: 


and  since  s,  the  unit-elongation,  equals 
D  .0000035  I 


I    ~  I, 


=  .0000035, 


S  =  30,000,000  X    .0300333  =  195.0  pounds  per  square  inch. 
This  is  the  value  of  the  temperature  stress;  and  the  new  unit- 
stress  equals 

10,000  +  195.0  =  10,195  pounds  per  square  inch. 

Notice  that  the  unit  temperature  stresses  are  independent  of  the  length 
of  the  rod  and  the  area  of  its  cross-section. 

2,  Suppose  that  the  change  of  temperature  in  the  preceding 
example  is  a  rise  instead  of  a  fall.  What  are  the  values  of  the 
temperature  stress  due  to  the  change,  and  of  the  new  unit-stress  in 
the  rod  ? 

The  temperature  stress  is  the  same  as  in  example  1,  that  is, 
1,950  pounds  ])er  square  inch  ;  but  the  rise  in  temperature 
releases,  as  it  were,  the  stress  in  the  rod  due  to  its  being  screwed 
up,  and  the  final  unit  stress  is 

10,000  -  1,950  :=  8,050  pounds  per  square  inch. 

EXAHPLE  FOR  PRACTICE. 

1.  The  ends  of  a  wrought-iron  rod  1  inch  in  diameter  are 
fastened  to  two  heavy  bodies  which  are  to  be  drawn  together,  the 
temperature  of  the  rod  being  200  degrees  when  fastened  to  the  ob- 
jects. A  fall  of  120  degrees  is  observed  not  to  move  them. 
What  is  the  temperature  stress,  and  what  is  the  pull  exerted  by 
the  rod  on  each  object  ? 

\  Temperature  stress,  22,000  pounds  per  square  inch. 
^''''  \  Pull,  17,280  pounds. 

97.  Deflection  of  Beams.  Sometimes  it  is  desirable  to  know 
how  much  a  given  beam  will  deflect  under  a  given  load,  or  to  design 
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a  beam  which  M'ill  not  deflect  more  than  a  certain  amount  under  a 
given  load.  In  Table  B,  page  55,  Part  I,  are  given  formulas  for 
deflection  in  certain  cases  of  beams  and  different  kinds  of  loading. 

In  those  formulas,  cZ  denotes  deflection;  I  the  moment  of  inertia  of  the 
cross-section  of  the  beam  with  respect  to  the  neutral  axis,  as  in  equation  6 ; 
and  E  the  coefficient  of  elasticity  of  the  material  of  the  beam  (for  values,  see 
Art.  95). 

In  each  case,  the  load  should  be  expressed  in  pounds,  the  length  in 
inches,  and  the  moment  of  inertia  in  biquadratic  inches;  then  the  deflection 
will  be  in  inches. 

According  to  the  formulas  for  <1^  the  deflection  of  a  beam 
varies  inversely  as  the  coefflcient  of  its  material  (E)  and  the  mo- 
ment of  inertia  of  its  cross-section  (I)  ;  also,  in  the  first  four  and 
last  two  cases  of  the  table,  the  deflection  varies  directly  as  the  cube 
of  the  length  (?'). 

Example.  What  deflection  is  caused  by  a  uniform  load  of 
G,400  pounds  (including  weight  of  the  beam)  in  a  wooden  beam 
on  end  supports,  which  is  12  feet  long  and  G  X  12  inches  in 
cross-section  ?  (This  is  the  safe  load  for  the  beam  ;  see  example 
1,  Art.  65.) 

The  formula  for  this  case  (see  Table  B,  page  55)  is 

5  W/^ 


884  EI 


Here    W  =  6,400    pounds  ;     /  =  144    inches  ;     E  =  1,800,000 
pounds  per  square  inch  ;  and 

1  1 

I  =  ^  U^  =  .^^  6  X  12^==  864  inchest 

Hence  the  deflection  is 

_       5  X  6,400  X  144^       _ 

~  384  X  1,800,000  X  864  ^  ^'-^'^  ''''^^^• 

EXAMPLES  FOR  PRACTICE. 

1.  Compute  the  deflection  of  a  timber  built-in  cantilever 
8x8  inches  which  projects  8  feet  from  the  wall  and  bears  an 
end  load  of  900  pounds.  (This  is  the  safe  load  for  the  cantilever, 
see  example  1,  Art.  65.) 

Ans.     0.43  incli. 

2.  Compute  the  deflection  caused  by  a  uniform  load  of  40,000 
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pounds  on  a  -ii-pound  15- inch  steel  I-beam  which  is   10  feet  long 
and  rests  on  end  supports. 

Ans.     0.28  inch. 

98.     Twist  of  Shafts.     Let  Fig.  57  represent  a  portion  of  a 

shaft,    and  suppose  that  the   part   represented  lies  wholly  between 


Fig.  57. 

two  adjacent  pulleys  on  a  shaft  to  which  twisting  forces  are  applied 
(see  Fig.  54).  Imagine  two  radii  ma  and  rib  in  the  ends  of  the 
portion,  they  being  parallel  as  shown  when  the  shaft  is  not  twisted. 
After  the  shaft  is  twisted  they  will  not  be  parallel,  ma  having 
moved  to  ma'^  and  nh  to  nV .  The  angle  between  the  two  linec  in 
their  twisted  positions  {ina'  and  nV)  is  called  the  angle  of  twist, 
or  angle  of  torsion,  for  the  length  /.  If  a  a"  is  parallel  to  al>^  then 
the  angle  a"nV  equals  the  angle  of  torsion. 

If  the  stresses  in  the  portion  of  the  shaft  considered  do  not 
exceed  the  elastic  limit,  and  if  the  twisting  moment  is  the  same 
for  all  sections  of  the  portion,  then  the  angle  of  torsion  a  (in 
degrees)  can  be  computed  from  the  following: 

For  solid  circular  shafts, 


584  TZ      36,800,000  \\l 


For  hollow  circular  shafts, 
584  "Yld 


Y}  d'n 


36,800,000  11/ 


Y 


(19) 


J 


Y}{d'-d^)~'Y}  [d'-d;)  n 

Here  T,  ?,  fZ,  d^^  II,  and  n  have  the  same  meanings  as  in  Arts.  93 
and  1)4,  and  should  be  expressed  in  the  units  there  used.  The 
letter  E*  stands  for  a  quantity  called  coefficient  of  elasticity  for 
shear;  it  is  analogous  to  the  coefhcient  of  elasticity  for  tension  and 
compression  (E),  Art.  95.  The  values  of  E'  for  a  few  materials 
average  about  as  follows   (roughly  E'  =  |  E) : 
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For  Steel,  11,OOC),(X)0  pounds  por  s^juare  inch. 

For  Wrought  iron,  10,0a),0()0        " 

For  Cast  iron,  6,000,0C«        "  '« 

Example.  What  is  tlie  value  of  the  angle  of  torsion  of  a 
steel  shaft  60  feet  long  when  transmitting  6,000  horse-power  at 
50  revolutions  per  minute,  if  the  shaft  is  hollow  and  its  outer  and 
inner  diameters  are  16  and  8  inches  respectively  ? 

Here  I  =  720  inches;  hence,  substituting  in  the  appropriate 
formula  (19),  we  find  that 

36,800,000  X  6,000  x  '720        ,  ^  , 
11,000,000  X   (16*  -  8*j  50  """    "        ^        ' 

EXAMPLE  FOR  PRACTICE. 

Suppose  that  the  first  two  pulleys  in  Fig.  51  are  12  feet 
apart;  that  the  diameter  of  the  shaft  is  2  inches;  and  that  P,  =  400 
pounds,  and  ^,  =  15  inches.  If  the  shaft  is  of  wrought  iron, 
what  is  the  value  of  the  angle  of  torsion  for  the  portion  between 
the  first  two  pulleys  ? 

Ans.     3.15  degrees. 

99.  Non=elastic  Deformation.  The  preceding  formulas  for 
elongation,  deflection,  and  twist  hold  only  so  long  as  the  greatest 
unit-stress  does  not  exceed  the  elastic  limit.  There  is  no  theory, 
and  no  formula,  for  non-elastic  deformations,  those  corresponding 
to  stresses  which  exceed  the  elastic  limit.  It  is  well  known,  how- 
ever, that  non -elastic  deformations  are  not  proportional  to  the 
forces  producing  them,  but  increase  much  faster  than  the  loads. 
The  value  of  the  ultimate  elongation  of  a  rod  or  bar  (that  is,  the 
amount  of  elongation  at  rupture),  is  quite  well  known  for  many 
materials.  This  elono-ation,  for  eight-inch  specimens  of  various 
materials  (see  Art.  16),  is  : 

For  Cast  iron,  about  1  per  cent. 
For  Wrought  iron  (plates),  12  -  15  per  cent. 
For         "  "        (bars),  20-25    "      "   . 

For  Structural  steel,  22  -  26    "      "    . 

Specimens  of  ductile  materials  (such  as  wrought  iron  and 
structural  steel),  when  pulled  to  destruction,  neck  down,  that  is, 
diminish  very  considerably  in  cross-section  at  some  place  along 
the  length  of  the  specimen.     The  decrease  in  cross -sectional  area 
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is  known  as  reduction  of  area,  and  its  value  for  wroucrlit  iron  and 
steel  may  be  as  inueli  as  50  per  cent. 

RIVETED  JOINTS. 

loo.  Kinds  of  Joints.  A  lap  joint  is  one  in  which  the 
plates  or  bars  joined  overlap  each  other,  as  in  Fig.  58,  a.  A  butt 
joint  is  one  in  which  the  plates  or  bars  that  are  Joined  butt  against 
each  other,  as  in  Fig.  58,  h.     The  thin  side  plates  on  butt  joints 


^A 


^^ 


D — ^P 


-'^^r 


Fig.  58. 

are  called  cover=pIates ;  the  thickness  of  each  is  always  made  not 
less  than  one-half  the  thickness  of  the  main  plates,  that  is,  the 
plates  or  bars  that  are  joined.  Sometimes  butt  joints  are  made 
with  only  one  cover-plate;  in  such  a  case  the  thickness  of  the 
cover-plate  is  made  not  less  than  that  of  the  main  plate. 

"When  wide  bars  or  plates  are  riveted  together,  the  rivets  are 
placed  in  rows,  always  parallel  to  the  "  seam  "  and  sometimes  also 
perpendicular  to  the  seam;  but  when  we  speak  of  a  row  of  rivets, 
we  mean  a  row  parallel  to  the  seam.  A  lap  joint  with  a  single 
row  of  rivets  is  said  to  be  single=riveted ;  and  one  with  two  rows 
of  rivets  is  said  to  be  double=riveted.  A  butt  joint  with  two  rows 
of  rivets  (one  on  each  side  of  the  joint)  is  called  "•single-riveted," 
and  one  with  four  rows  (two  on  each  side)  is  said  to  be  "double- 
riveted." 

The  distance  between  the  centers  of  consecutive  holes  in  a 
row  of  rivets  is  called  pitch. 

loi.  Shearing  Strength,  or  5her»ring  Value,  of  a  Rivet. 
When  a  lap  joint  is  subjected  to  tension  (that  is,  when  P,  Fig.  58, 
a,  is  a  pull),  and  when  the  joint  is  subjected  to  compression  (when 
P  is  a  push),  there  is  a  tendency  to  cut  or  shear  each  rivet  along 
the  surface  between  the  two  plates.     In  butt  joints  with  two  cover- 
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plates,  there  is  a  teiideney  to  cut  or  shear  eaeli  rivet  on  two  sur- 
faces (see  Fig.  58,  b).  Therefore  the  rivets  in  the  hip  joint  are 
said  to  be  in  single  shear  ;  and  tliose  in  the  butt  joint  (two  covers) 
are  said  to  be  in  double  shear. 

The  "shearing  value"  of  a  rivet  means  the  resistance  which 
it  can  safely  offer  to  forces  tending  to  shear  it  on  its  cross-section. 
This  value  depends  on  the  area  of  the  cross-section  and  on  the  work- 
ing strength  of  the  material.  Let  d  denote  the  diameter  of  the 
cross-section,  and  S.  the  shearincr  workino-  streno^th.  Then,  since 
the  area  of  the  cross-section  equals  0.7S5L  (P,  the  shearing  strength 
of  one  rivet  is  : 

For  single  shear,  0.7854  cP  S,  . 

For  double  shear,  1.5708  d-  Ss  . 

102.  Bearing  Strength,  or  Bearing  Value,  of  a  Plate.  When 
a  joint  is  subjected  to  tension  or  compression,  each  rivet  presses 
against  a  part  of  the  sides  of  the  holes  through  which  it  passes. 
By  "  bearing  value"  of  a  plate  (in  this  co.inection)  is  meant  the 
pressure,  exerted  by  a  rivet  against  the  side  of  a  hole  in  the  plate, 
which  the  plate  can  safely  stand.  Tins  value  depends  on  the 
thickness  of  the  plate,  on  the  diameter  of  the  rivet,  and  on  the 
compressive  working  strength  of  the  plate.  Exactly  how  it 
depends  on  these  three  qualities  is  not  known;  but  the  bearing 
value  is  always  computed  from  the  exjiression  t  d  S^,  wherein  t 
denotes  the  thickness  of  the  plate;  c/,  the  diameter  of  the  rivet  or 
hole;  and  S^,  the  working  strength  of  the  plate. 

103.  Frictional  Strength  of  a  Joint.  When  a  joint  is  sub- 
jected to  tension  or  compression,  there  is  a  tendency  to  slippage 
between  the  faces  of  the  plates  of  the  joint.  This  tendency  is 
overcome  wholly  or  in  part  by  frictional  resistance  between  the 
plates.  The  frictional  resistance  in  a  well-made  joint  luay  be 
very  large,  for  rivets  are  put  into  a  joint  hot,  and  are  headed  or 
capped  before  being  cooled.  In  cooling  they  contract,  drawing  the 
plates  of  the  joint  tightly  against  each  other,  and  producing  a 
great  pressure  between  them,  which  gives  the  joint  a  correspond- 
ingly large  frictional  strength.  It  is  the  opinion  of  some  that 
all  well-made  joints  perform  their  service  by  means  of  their 
frictional  strength;  that  is  to  say,  the  rivets  act  only  by  pressing 
the    plates     together    and    are    not    under    shearing    stress,     nor 
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are  the  plates  under  compression  at  the  side^  of  their  lioles.  The 
"•  frictional  strength"  of  a  ioint,  however,  is  usiiallv  regarded  as 
uncertain,  and  f?;enerally  no  allowance  is  made  for  friction  in  com- 
putations on  the  strength  of  riveted  joints, 

104.  Tensile  and  Compressive  Strength  of  Riveted  Plates. 
The  holes  punched  or  drilled  in  a  plate  or  bar  weaken  its  tensile 
strength,  and  to  compute  that  strength  it  is  necessary  to  allow  for 
the  holes.  By  net  section,  in  this  connection,  is  meant  the  small- 
est cross-section  of  the  plate  or  bar  ;  this  is  always  a  section  along 
a  line  of  rivet  holes. 

If.  as  in  the  foregoing  article,  t  denotes  the  thickness  of  the 
plates  joined  ;  d,  the  diameter  of  the  holes;  n^,  the  number  of  riv- 
ets in  a  row  ;  and  ii\  the  width  of  the  plate  or  bar;  then  the  net 
section  =  (?/,'  -  n/1)  t. 

Let  Sj  denote  the  tensile  working  strength  of  the  plate  ;  then 
the  strength  of  the  unriveted  plate  is  vjf^^^  and  the  reduced  tensile 
strength  is  (?o  -  n/l^  t  S^, 

The  compressive  strength  of  a  plate  is  also  lessened  by  the 
presence  of  holes  ;  but  when  they  are  again  filled  up,  as  in  a  joint, 
the  metal  is  rej^laced,  as  it  were,  and  the  compressive  streno-th  of 
the  plate  is  restored.  Xo  allowance  is  therefore  made  for  holes  in 
figuring  the  compressive  strength  of  a  plate. 

105.  Computation  of  the  Strength  of  a  Joint.  The  strength 
of  a  joint  is  determined  by  either  (1)  the  shearino-  value  of  the 
rivets;  (2)  the  bearing  value  of  the  plate;  or  (3)  the  tensile 
strength  of  the  riveted  plate  if  the  joint  is  in  tension.  Let  P^  de- 
note the  strength  of  the  joint  as  (computed  from  the  shearino- 
values  of  the  rivets  ;  P^,  that  computed  from  the  bearing  value  of 
the  plates  ;  and  P^,  the  tensile  strength  of  the  riveted  plates. 
Then,  as  before  explained, 

P^= /«,,  0.785i  fZ'S/,  and    I  (20) 

F=,i/dS, ;  \ 

n^  denoting  the  total  number  of  rivets  in  the  joint  ;  and  7)^  denot- 
ing the  total  number  of  rivets  in  a  lap  joint,  and  one-half  the 
number  of  rivets  in  a  butt  joint. 

Exiunjples.     1.     Two  half-inch  plates  7i  inches  wide  are  con- 
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nected  by  a  single  lap  joint  double-riveted,  six  rivets  in  two  rows. 
If  the  diameter  of  the  rivets  is  |  inch,  and  the  working  strengths 
are  as  follows  :  S,-^  12,000,  S,=  7,500,  and  S^=  15,000  pounds 
per  square  inch,  what  is  the  safe  tension  M'hich  the  joint  can 
transmit  ? 

Here  n==  3,  n==  6,  and  n==  6  ;  hence 

Pt^  (^4--  3  X  -|-)  X  -^  X  12,000  =  31,500  pounds; 

P^=  6  X   3.7854  X   {-^Y  X  7,500  =  19,880  pounds  ; 

P^=  0  X  ^  X  -|-  X  15,000  =  33,750  pounds. 

Since  P^  is  the  least  of  these  three  values,  the  strength  of  llie 
joint  depends  on  the  shearing  value  of  its  rivets,  and  it  equals 
19,880  pounds. 

2.  Suppose  that  the  plates  described  in  the  preceding  example 
are  joined  by  means  of  a  butt  joint  (two  cover-plates),  and  12 
rivets  are  used,  being  spaced  as  before.  What  is  the  safe  tensio:. 
which  the  joint  can  bear  ? 

Here  n^  =  3,  w-^  =  12,  and  n^  =  ();  hence,  as  in  the  preced- 
ing example, 

Pt  =  31,500;  and  P^  =  33,750  pounds;  but 

P,  =-  12  X  0.7854  X  {^Y   X   '^^^^^  =  39,760  pounds. 

The  strength  equals  31,500  pounds,  and  the  joint  is  stronger  than 
the  first, 

3.  Suppose  *hat  in  the  preceding  example  the  rivets  are 
arranged  in  rows  of  two.  What  is  the  tensile  strength  of  the 
joint  ? 

Here  n^  =  2.  n.,  =  12,  and  n.^  =  0;  hence,  as  in  the  preced- 
ing example, 

Pg  =  39,760;  and  P^  =  33,750  pounds;  but 

P^  .=  (7  4--  2  X  4")  4-  X  12,000  =  36,000  pounds. 

The  strength  equals  33,750  pounds,  and  this  joint  is  stronger  than 
either  of  the  first  two. 
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EXAMPLES  FOR  PRACTICE. 

Note.     Use  working  strengths  as  in  example  1,  above. 
St  =  12,000,  Ss  =  7,500,  and  Sc  =  15,000  pounds  per  square  inch. 

1.  Two  lialf-inch  plates  5  inches  wide  are  connected  by  a 
lap  joint,  Mitli  two  |-incb  rivets  in  a  row.  AYbat  is  tbe  safe 
strength  of  tbe  joint  ? 

Ans.     6,625  pounds. 

2.  Solve  tbe  preceding  example  supposing  tbat  four  |-incb 
rivets  are  used,  in  two  rows. 

Ans.    13,250  pounds. 

3.  Solve  example  1  supposing  tbat  tbree  1-incb  rivets  are 
used,  placed  in  a  row  lengthwise  of  tbe  joint. 

Ans.    17,670  pounds. 

4.  Two  half-inch  plates  5  inches  wide  are  connected  by  a 
butt  joint  (two  cover-plates),  and  four  |-inch  rivets  are  used,  in 
two  row^s.     What  is  tbe  strength  of  the  joint  ? 

Ans.     11,250  pounds. 

io6.  Efficiency  of  a  Joint.  The  ratio  of  the  strength  of  a 
joint  to  tbat  of  tbe  solid  plate  is  called  the  "  efficiency  of  the 
joint."  If  ultimate  strengths  are  used  in  computing  tbe  ratio, 
then  the  efficiency  is  called  ultimate  efficiency;  and  if  working 
strengths  are  used,  then  it  is  called  working  efficiency.  In  the 
following,  we  refer  to  the  latter.  An  efficiency  is  sometimes  ex- 
pressed as  a  per  cent.  To  express  it  thus,  multiply  tbe  ratio 
strength  of  joint  -^  strencjtli  of  solid  plate,  by  100. 

Example.  It  is  required  to  compute  tbe  efficiencies  of  tbe 
joints  described  in  tbe  examples  worked  out  in  the  preceding  article. 

In  each  case  tbe  plate  is  \  inch  thick  and  7|  inches  wide; 
hence  the  tensile  working  strength  of  the  solid  plate  is 

72_  X  4-  X  1-5^00  =  45,000  pounds. 

TherefDre  the  efficiencies  of  tbe  joints  are  : 
, ,       19,880        ^  ,,         ,. 
^^)      4T000  ^  '  '''"       P"""*         ' 

,^v      33,750       ^  ^^        „_ 

(^)      45000^^-'''''''  '^P^^"^^°^- 
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STATICS. 

This  subject,  called  Statics,  is  a  branch  of  Mechanics.  It 
deals  with  principles  relating  especially  to  forces  which  act  upon 
bodies  at  rest,  and  with  their  useful  applications. 

There  are  two  quite  different  methods  of  carrying  on  the 
discussions  and  computations.  In  one,  the  quantities  under  con- 
sideration are  represented  by  lines  and  the  discussion  is  wholly  by 
means  of  geometrical  figures,  and  computations  are  carried  out  by 
means  of  figures  drawn  to  scale;  this  is  called  the  graphical 
method.  In  the  other,  the  quantities  under  consideration  are 
represented  by  symbols  as  in  ordinary  Algebra  and  Arithmetic, 
and  the  discussions  and  computations  are  carried  on  by  the  methods 
of  those  branches  and  Trigonometry;  this  is  called  the  algehraic 
method.  In  this  paper,  both  methods  are  employed,  and  generally, 
in  a  given  case,  the  more  suitable  of  the  two. 

I.     PRELIMINARY. 

I.  Force.  The  student,  no  doubt,  has  a  reasonably  clear  idea  as 
to  what  is  meant  by  force,  yet  it  may  be  well  to  repeat  here  a  few 
definitions  relative  to  it.  By  force  is  meant  simply  a  push  or 
pull.  Every  force  has  magnitude,  and  to  express  the  magnitude 
of  a  given  force  we  state  how  many  times  greater  it  is  than  some 
standard  force.  Convenient  standards  are  those  of  weight  and 
these  are  almost  always  used  in  this  connection.  Thug  when  we 
speak  of  a  force  of  100  pounds  we  mean  a  force  equal  to  the 
weight  of  100  pounds. 

We  say  that  a  force  has  direction,  and  we  mean  by  this  the 
direction  in  which  the  force  would  move  the  body  upon  which  it 
acts  if  it  acted  alone.  Thus,  lig.  1  represents  a  body  being 
pulled  to  the  right  by  means  of  a  cord;  the  direction  of  the  force 
exerted  upon  the  body  is  horizontal  and  to  the  right.  The  direc 
tion  may  be  indicated  by  any  line  drawn  in  the  figure  parallel  to 
the  cord  with  an  arrow  on  it  pointing  to  the  right. 

We  say  also  that  a  force  has  a  place  of  application,  and  we 
mean  by  that  the  part  or  place  on  the  body  to  which  the  force  is 
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applied.  "When  tlie  place  of  application  is  smaL  so  that  it  maybe 
regarded  as  a  point,  it  is  called  the  "point  of  application."  Thus 
the  place  of  application  of  the  pressure  (push  or  force)  which  a 
locomotiv^e  wheel  exerts  on  the  rail  is  the  part  of  the  surface  of 
the  rail  in  contact  with  the  wheel.  For  practically  all  purposes 
this  pressure  may  be  considered  as  applied  at  a  point  (the  center 
of  the  surface  of  contact),  and  it  is  called  the  point  of  application 
of  the  force  exerted  by  the  wheel  on  the  rail. 

A  force  which  has  a  point  of  application  is  said  to  have  a  line 
of  action,  and  by  this  term  is  meant  the  line  through  the  point  of 
application  of  the  force  parallel  to  its  direction.  Thus,  in  the 
Fig.  1,  the  line  of  action  of  the  force  exerted  on  the  body  is 
the   line  representing  the   string.     Notice  clearly  the  distinction 

between  the  direction  and  line  of  action 
of  the  force;  the  direction  of  the  force  in 
the  illustration  could  be  represented  by 
any  horizontal  line  in  the  figure  with  an 

T^.     ,  arrowliead  upon  it  pointing  toward  the 

t ig.  1.  .  . 

right,  but  the  line  of  action  can  be  rep- 
resented only  by  the  line  representing  the  string,  indefinite  as  to 
length,  but  definite  in  position. 

That  part  of  the  direction  of  a  force  which  is  indicated  by 
means  of  the  arrowhead  on  a  line  is  called  the  sense  of  the  force. 
Thus  the  sense  of  the  force  of  the  preceding  illustration  is  toward 
the  right  and  not  toward  the  left. 

2,  Specification  and  Graphic  Representation  of  a  Force. 
For  the  purposes  of  statics,  a  force  is  completely  specified  or 
described  if  its 

(1)  magnitude,  (2)  line  of  action,  and  (3)  sense  are  known 
or  given. 

These  three  elements  of  a  force  can  be  represented  graphically, 
that  is  by  a  drawing.  Thus,  as  already  explained,  the  straight  line 
(Fig.  1)  represents  the  line  of  action  of  the  force  exerted  upon  the 
body;  an  arrowhead  placed  on  the  line  pointing  toward  the  right 
gives  the  sense  of  the  force;  and  a  definite  length  marked  off  on  the 
line  represents  to  some  scale  the  magnitude  of  the  force.  For  ex- 
ample, if  the  magnitude  is  50  pounds,  then  to  a  scale  of  100  pounds 
to  the  inch,  one-half  of  an  inch  represents  the  magnitude  of  the  force. 
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It  is  often  convenient,  especially  when  many  forces  are  con- 
cerned in  a  single  problem,  to  use  two  lines  instead  of  one  to 
represent  a  force — one  to  represent  the  magnitude  and  one  tlie 
line  of  action,  the  arrowhead  being  placed  on  either.  Thus  Fig.  2 
also  represents  the  force  of  the  preceding  example,  AB  (one-half 
inch  long)  representing  the  magnitude  of  the  force  and  ah  its  line 
of  action.  The  line  AB  might  have  been  drawn  anywhere  in  the 
figure,  but  its  length  is  definite,  being  fixed  by  the  scale. 

The  part  of  a  drawing  in  which  the  body  upon  which  forces 

act  is   represented,  and  in 
which  the  lines  of  action  of  the 
forces  are  drawn,  is  called  the 
Sce^le:lln.=  ioolbg    space  diagram     (Fig.    %i). 
/,  J  If  the  body  were   drawn  to 

scale,  the  scale  would  be  a  cer- 
tain number  of  inches  or  feet 
to  the  inch.  The  part  of  a  drawing  in  which  the  force  magnitudes 
are  laid  off  (Fig-  2^)  is  called  by  various  names;  let  us  call  it  the 
force  diagram.  The  scale  of  a  force  diagram  is  always  a  certain 
number  of  pounds  or  tons  to  the  inch. 

3.  Notation.  When  forces  are  represented  in  two  separate 
diagrams,  it  is  convenient  to  use  a  special  notation,  namely:  a 
capital  letter  at  each  end  of  the  line  representing  the  magnitude 
of  the  force,  and  the  same  small  letters  on  opposite  sides  of  the 
line  representing  the  action  line  of  the  force  (see  Fig.  2).  When 
we  wish  to  refer  to  a  force,  we  shall  state  the  capital  letters  used 
in  the  notation  of  that  force;  thus  "force  AB  "  means  the  force 
whose  magnitude,  action  line,  and  sense  are  represented  by  the 
lines  AB  and  ah. 

In  the  algebraic  work  we  shall  usually  denote  a  force  by  the 
letter  F. 

4.  Scales.  In  this  subject,  scales  will  always  be  expressed 
in  feet  or  pounds  to  an  inch,  or  thus,  1  inch  =  10  feet,  1  inch  = 
100  pounds,  etc.  The  number  of  feet  or  pounds  represented  by 
one  inch  on  the  drawing  is  called  the  scale  oiumher. 

To  find  the  length  of  the  line  to  represent  a  certain  distance 
or  force,  divide  the  distance  or  force  hy  the  scale  mimher;  the 
quotient  is  the  length  to  he  laid  off  in  the  drawing.     To  find  the 
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magnitude  of  a  distance  or  a  force  represented  by  a  certain  line 
in  a  dratoing,  tnult'qily  the  length  of  the  line  hy  the  scale  num- 
her/  the  2'>^"odact  is  the  magnitude  of  the  distance  or  force  ^  as  the 
case  may  he. 

The  scale  to  be  used  in  making  drawings  depends,  of  course, 
upon  how  large  the  drawing  is  to  be,  and  upon  the  size  of  the 
quantities  which  must  be  represented.  In  any  case,  it  is  con- 
venient to  select  the  scale  number  so  that  the  quotients  obtained 
by  div^iding  the  quantities  to  be  represented  may  be  easily  laid  off 
by  means  of  the  divided  scale  which  is  at  hand. 

Examples.  1.  If  one  has  a  scale  divided  into  32nds,  what 
is  the  convenient  scale  for  representing  40  pounds,  32  pounds,  56 
pounds,  and  70  pounds  ? 

According  to  the  scale,  1  inch  ==  32  pounds,  the  lengths 
representing  the  forces  are  respectively  : 

1|;    32^^^  inches. 

Since  all  of  these  distances  can  be  easily  laid  off  by  means  of  the 
"  sixteenths  scale,"  1  inch  =  32  pounds  is  convenient. 

2.  What  are  the  forces  represented  by  three  lines,  1.20,  2.11, 
and  0.75  inches  long,  the  scale  being  1  inch  =  200  pounds  ? 

According  to  the  rule  given  in  the  foregoing,  we  multiply 
each  of  the  lengths  by  200,  thus  : 

1.20  X  200  =  240  pounds. 
2.11  X  200  =  422  pounds. 
0.75  X  200  =  150  pounds. 

EXAMPLES  FOR  PRACTICE. 

1.  To  a  scale  of  1  inch  =  500  pounds,  how  long  are  the 
lines  to  represent  forces  of  1,250,  675,  and  900  pounds  ? 

Ans.     2.5,  1.35,  and  1.8  inches 

2.  To  a  scale  of  1  inch  =  80  pounds,  how  large  are  the 
forces  represented  by  1^  and  1.6  inches  ? 

Ans.  100  and  128  pounds. 

5.  Concurrent  and  Non=concurrent  Forces.  If  the  lines  of 
action  of  several  forces  intersect  in  a  point  they  are  called  concur- 
rent forces,  or  a  concurrent  system,  and  the  point  of  intersection 
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\s  called  the 2)oinf  of  eoncurrejice  oi  the  forces.  If  tlie  lines  of 
action  of  several  forces  do  not  intersect  in  the  same  point,  they  are 
called  non-concurrent,  or  a  non-concurrent  system. 

We  shall  deal  only  with  forces  whose  lines  of  action  lie  in  the 
same  plane.  It  is  true  that  one  meets  with  problems  in  which 
there  are  forces  whose  lines  of  action  do  not  lie  in  a  plane,  but 
such  problems  can  usually  be  solved  by  means  of  the  principles 
herein  explained. 

6.  Equilibrium  and  Equilibrant.  When  a  numbei'  of  forces 
act  upon  a  body  which  is  at  rest,  each  tends  to  move  it  ;  but  the 
effects  of  all  the  forces  acting  upon  that  body  may  counteract  or 
neutralize  one  another,  and  the  forces  are  said  to  be  balanced  or  in 
equilibrium.  Any  one  of  the  forces  of  a  system  in  equilibrium 
balances  all  the  others.  A  single  force  which  balances  a  number 
of  forces  is  called  the  equUlhrant  of  those  forces. 

7.  Resultant  and  Composition.  Any  force  which  would  pro- 
duce the  same  effect  (so  far  as  balancing  other  forces  is  concerned)  as 
that  of  any  system,  is  called  the  resultdnt  of  that  system.  Evidently 
the  resultant  and  the  equilibrant  of  a  system  of  forces  must  be 
equal  in  magnitude,  opposite  in  sense,  and  act  along  the  same  line. 

The  process  of  determining  the  resultant  of  a  system  of  forces 
is  called  composition. 

8.  Components  and  Resolution.  Any  number  of  forces 
whose  combined  effect  is  the  same  as  that  of  a  single  force  are 
called  comjoncnts  of  that  force.  The  process  of  determining  the 
components  of  a  force  is  called  resolution.  The  most  important 
case  of  this  is  the  resolution  of  a  force  into  two  components. 

II.     CONCURRENT  FORCES ;  COMPOSITION  AND  RESOLUTION. 

9.  Graphical  Composition   of  Two  Concurrent  Forces.     If 

two  forces  are  represented  in  miagnittide  and  direction  hy  AB 
and  BO  {Fig.  3),  the  magnitude  and  direction  of  their  resultant 
is  represented  by  AC.     This  is  known  as  the  "  triangle  law." 

The  line  of  action  of  the  residtant  is  lyarallel  to  AC  and 
jpasses  through  the  point  of  concuTrence  of  the  tiao  given  forces; 
thus  the  line  of  action  of  the  resultant  is  ac. 

The  law  can  be  proved  experimentally  by  means  of  two  spring 
balances,  a  drawing  board,  and  a  few  cords  arranged  as  shown  in 
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Fig.  4.  The  drawing  board  (not  shown)  is  set  up  vertically,  then 
from  two  nails  in  it  the  spring  balances  are  hung,  and  these  in 
turn  support  by  means  of  two  cords  a  small  ring  A  from  which  a 
heavy  body  (not  shown)  is  suspended.  The  ring  A  is  in  equilibrium 
under  the  action  of  three  forces,  a  downward  force  equal  to  the 


(b) 


Fig.  3. 


weight  of  the  suspended  body,  and  two  forces  exerted  by  the  upper 
cords  whose  values  or  magnitudes  can  be  read  from  the  spring 
balances.  The  first  force  is  the  equilibrant  of  the  other  two. 
Knowing  the  weight  of  the  suspended  body  and  the  readings  of 
the  balances,  lay  off  AB  equal  to  the  pull  of  the  right-hand  upper 
string  according  to  some  convenient  scale,  and  BC  parallel  to  the 


Fig.  4. 

left-hand  upper  string  and  equal  to  the  force  exerted  by  it.  It 
will  then  be  found  that  the  line  joining  A  and  C  is  vertical,  and 
equals  (by  scale)  the  weight  of  the  suspended  body.  Hence  AC, 
with  arrowhead  pointing  down,  represents  the  equilibrant  of  the 
two  upward  pulls  on  the  ring;  and  with  arrowhead  pointing  up,  it 
represents  the  resultant  of  those  two  forces. 
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Notice  especially  how  the  arrowheads  are  related  in  the  tri- 
angle (Fig.  3),  and  be  certain  that  you  understand  this  lav.  before 
proceeding  far,  as  it  is  the  basis  of  most  of  this  subject. 

Exainjples.  Fig.  5  represents  a  board  3  feet  square  to  which 
forces  are  applied  as  shown.     It  / 

is  required  to  compound  or  find 
the  resultant  of  the  100-  and  80- 
pound  forces. 

First  we  make  a  drawing  of 
the  board  and  mark  upon  it  the 
lines  of  action  of  the  two  forces 
whose  resultant  is  to  be  found,  as 
in  Fig.  6.  Then  by  some  conven- 
ient scale,  as  100  pounds  to  the 
inch,  lay  off  from  any  convenient 
point  A,  a  line  AB  in  the  direc- 
tion of  the  100-pound  force,  and  make  AB  one  inch  long,  repre- 
senting 100  pounds  by  the  scale.  Then  from  B  lay  off  a  line  BC 
in  the  direction  of  the  second  force  and  make  BC,  0.8  of  an  inch 


loolbs. 


leolbs. 


Sca-lc:  lin.=  loolbs. 
C 


loolbs. 


(^) 


Fig.  6. 


long.,  representing  80  pounds  by  the  scale.  Then  the  line  AC,  with 
the  arrow  pointing  from.  A  to  C,  represents  the  magnitude  and 
direction  of  the  resultant.  Since  AC  equals  1.00  inch,  the  result- 
ant equals 

LOG  X  100  =.  106  pounds. 

The  line  of  action  of  the  resultant  is  ac,  parallel  to  AC  and  pass- 
ing through  the  intersection  of  the  lines  of  action  (the  point  of 


143 


10 


STATICS 


concurrence)   of  the  given  forces.     To  complete  the  notation,  we 
mark  these  lines  of  action  ah  and  ho  as  in  the  figure. 


I 


Ans. 


EXAMPLES  FOR  PRACTICE.* 

1,  Determine  the  resultant  of  the  100-  and  the  120-pound 
forces  represented  in  Fig.  5. 

The  magnitude  is  188  pounds;  the  force 
acts  upward  through  A  and  a  point  1.62 
feet  to  the  right  of  D. 

o 

2.  Determine  the  resultant  of  the  120-  and  the  160-pound 
forces  represented  in  Fig.  5. 

(  The  magnitude  is  200  pounds;  the  force 
Ans.  "I  acts    upward    through    A  and  a  point  9 
(  inches  below  C. 

lo.     Algebraic  Composition  of  Two  Concurrent  Forces.       If 

the  ancrle  between  the  lines  of  action  of  the  two  forces  is  not  90 

degrees,  the  algebraic  method  is 
not  simple,  and  the  graphical  is 
usually  preferable.  If  the  angle 
is  90  degrees,  the  algebraic  meth- 
od is  usually  the  shorter,  and  this 
is  the  only  case  herein  explained. 
Yig,  7.  Let  Fi  and  F2  be  two  forces 

acting  through  Bome  point  of  a 
body  as  represented  in  Fig.  la.  AB  and  BC  represent  the  magni- 
tudes and  direction  of  Fj  and  Fg  respectively;  then,  according  to 
the  triangle  law  (Art.  9),  AG  represents  the  magnitude  and  direc- 
tion of  the  resultant  of  F^  and  F2,  and  the  line  marked  R  (parallel 
to  AC)  is  the  line  of  action  of  that  resultant.  Since  ABC  is  a 
right  triangle. 


(AC)-  =  (AB)^  +(BC)^ 


and. 


tan  CAB  = 


BC 
AB' 


*  Use  sheets  of  paper  not  smaller  than  large  letter  size,  and  devote  a  full 
sheet  to  each  example.  In  reading  the  answers  to  these  examples,  remember 
that  the  board  on  which  the  forces  act  was  stated  to  be  3  feet  square. 


144 


STATICS  11 

Now  let  E.  denote  the   resultant.      Since  AC,  AB,  and  BC 
represent  R,  F^,  and  Fo  respectively,  and  angle  CAB  =  «, 


R^=Fi^+F/;orR=.  1    F^-' +  F  - 
and,  tan  x  =  F^  -f-  F^, 

By  the  help  of  these  two  equations  we  compute  the  magni- 
tude of  the  resultant  and  inclination  of  its  line  of  action  to  the 
force  F^. 

Example.  It  is  required  to  determine  the  resultant  of  the 
120-  and  the  IHO-jjound  forces  represented  in  Fig.  5. 

Let  us  call  the  l()0-pound  force  F^;  then, 

E  =  l/lGO"'  +  120'^  =  l/25,600  +  14-,400 

=  t/40,000  =  200  pounds; 

120 
and,        tan  x  =  s---t  =  9;  hence  ;/'  =  30"  52'. 
'  IbO       ^ 

The  resultant  therefore  is  200  pounds  in  magnitude,  acts  through 
A  (Fig.  5)  upward  and  to  the  right,  making  an  angle  of  SQ^  52' 
with  the  horizontal. 

EXAMPLES  FOR  PRACTICE. 

1.  Determine  the  resultant  of  the  50-  and  70-pound  forces 
represented  in  Fig.  5. 

(  E  =  80  pounds; 

I  angle  between  E  and  70-pound  force  =  35''  32', 

2.  Determine  the  resultant  of  the  00-  and  70-pound  forces 
represented  in  Fig  5. 

Ans.     iK  =  92.2  pounds; 

I  angle  between  E  and  70-pound  force  =_-  40°  86'. 
II.  Force  Polygon.  If  lines  representing  the  magnitudes 
and  directions  of  any  number  of  forces  be  drawn  continuous  and 
so  that  the  arrowheads  on  the  lines  point  the  same  way  around  on 
the  series  of  lines,  the  figure  so  formed  is  called  the  force  poI//(/ on 
for  the  forces.  Thus  ABCD  (Fig.  8)  is  a  force  polygon  for  the 
80-,  90-,  and  100-pound  forces  of  Fig.  5,  for  AB,  BC,  and  CD  rep- 
resent the  magnitudes  and  directions  of  those  forces  respectively, 
and  the  arrowheads  point  in  the  same  way  around,  from  A  to  D. 
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A  number  of  force  polygons  can  be  drawn  for  any  system  of 
forces,  no  two  alike.  Thus  A^  B^  C^  D^  and  A,  B,  C^  D^  are  other 
force  polygons  for  the  same  three  forces,  80,  90,  and  100  pounds. 
Notice  that  Ag  Bg  Cg  Dg  is  not  a  force  polygon  for  the  three  forces 
although  the  lines  represent  the  three  forces  in  magnitude  and 
direction.  The  reason  why  it  is  not  a  force  polygon  is  that  the 
arrowheads  do  not  all  point  the  same  way  around. 


A  force  polygon  is  not  necessarily  a  closed  figure.  If  a  force 
polygon  closes  for  a  system  of  concurrent  forces,  then  evidently 
the  resultant  equals  zero. 

EXAMPLE  FOR  PRACTICE. 

Draw  to  the  same  scale  as  many  different  force  polygons  as 
you  can  for  the  100-,  120-  and  160-pound  forces  of  Fig.  5.  Bear 
in  mind  that  the  arrowheads  on  a  force  polygon  point  the  same 
way  around. 

12.  Composition  of  More  Than  Two  Concurrent  Forces.  The 
graphical  is  much  the  simpler  method;  therefore  the  algebraic  one 
will  not  be  explained.  The  following  is  a  rule  for  performing  the 
composition  graphically: 

(1).     Draw  a  force  polygon  for  the  given  forces. 

(2).  Join  the  two  ends  of  the  polygon  and  place  an  arrow- 
head on  the  joining  line  pointing  from  the  beginning  to  the  end 
of  the  polygon.  That  line  then  represents  the  magnitude  and 
direction  of  the  resultant. 

(3).  Draw  a  line  through  the  point  of  concurrence  of  the 
given  forces  parallel  to  the  line  drawn  as  directed  in  (2).  This  line 
represents  the  action  line  of  the  resultant. 

Example.  It  is  required  to  determine  the  resultant  of  the 
four  forces  acting  through  the  point  E  (Fig.  5), 
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First,  make  a  drawing  of  the  board  and  indicate  the  lines  of 
action  of  the  forces  as  shown  in  Fig.  9,  but  without  lettering. 
Then  to  construct  a  force  polygon,  draw  from  any  convenient  point 
A,  a  line  in  the  direction  of  one  of  the  forces  (the  70-pound  force), 
and  make  AB  equal  to  70  pounds  according  to  the  scale  (70  -f- 
100  ^=  0.7  inch).  Then  from  B  draw  a  line  in  the  direction  of 
the  next  force  (80-pound),  and  make  BC  equal  to  0.8  inch,  rep- 
resenting 80  pounds.  Next  draw  a  line  from  C  in  the  direction 
of  the  third  force  (90-pound),  and  make  CD  equal  to  0.9  inch, 
representing  90  pounds.  Finally  draw  a  line  from  D  in  the  direc- 
tion of  the  last  force,  and  make  DE  equal  to  0.6  inch,  representing 
60  pounds.  The  force  polygon  is  ABCDE,  beginning  at  A  and 
ending  at  E. 

The  second  step  is  to  connect  A  and  E  and  place  an  arrow- 
head on  the    line  pointing    from  A    to  E.     This    represents  the 


^olbs. 

Solbs- 

7olbs. 

c/4 

10     / 

/  ^ 

z 

©Olios 

cC 


Fig.  9. 

magnitude    and   direction  of    the    resultant, 
inches,  the  resultant  is  a  force  of 


s      Sce)-le: 
r    Nlin=looIbs. 

B^ < ^A 


Since    AE  =  1.16 


1.16  X  100  =  116  pounds. 

The  third  etep  is  to  draw  a  line  ae  through  the  point  of  con- 
currence and  parallel  to  AE.  This  is  the  line  of  action  of  the 
resultant.  (To  complete  the  notation  the  lines  of  action  of  the  70-, 
80-,  90-  and  60-pound  forces  should  be  marked  ah,  ho,  cd,  and  de 
respectively.) 

That  the  rule  for  composition  is  correct  can  easily  be  proved. 
According  to  the  triangle  law,  AC  (Fig.  9),  with  arrowhead  point- 
ing from  A  to  C,  represents  the  magnitude  and  direction  of  the 
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resultant  of  the  70-  and  80-pound  forces.  Accordincr  to  the  law, 
AT>,  with  arrowhead  pointing  from  A  to  D,  represents  the  magni- 
tude and  direction  of  the  resultant  of  AC  and  the  90-pound  force, 
hence  also  of  the  70-,  80-,  and  90-pound  forces.  According  to  the 
law,  AE  with  arrowhead  pointing  from  A  to  E,  represents  the 
magnitude  and  direction  of  the  resultant  of  AD  and  the  60-pound 
force.  Thus  we  see  that  the  foregoing  rule  and  the  triangle  law 
lead  to  the  same  result,  but  the  application  of  tlie  rule  is  shorter  as 
in  it  we  do  not  need  the  lines  AC  and  AD. 


EXAMPLES  FOR  PRACTICE. 

1.     Determine  the  resultant  of  the  four  forces  acting  through 
the  point  A  (Fig.  5). 

880  pounds  acting  upward  through  A  and  a 
it  0.45  feet  below  C. 


Ans. 


(  880] 
I  point 


/    \ 

/  \       SceUeiiln-looltos. 


2.  Determine  the  resultant  of  the  three  forces  actirlsf  at  the 
point  F  (Fig.  5j. 

(  155  pounds  acting  upward  through  F  and  a 
^''^'  \  point  0.57  feet  to  left  of  C. 

13.  Graphical  Resolution  of  Force  into  Two  Concurrent 
Components.  This  is  performed  by  applying  the  triangle  law 
inversely.  Thus,  if  it  is  required  to  resolve  the  100-pound  force 
of  Fig.  5  into  two  components,  w^e  draw  first  Fig.  10  (a)  to  show 
the  line  of  action  of  the  force,  and  then  AB,  Fig.  10  (b),  to  represent 
the  magnitude  and  direction.  Then  draw  from  A  and  B  any  two 
lines  which  intersect,  mark  their  intersection  C,  and  place  arrow- 
heads on  AC  and  CB,  pointing  from  A  to  C  and  from  C  to  B.  Also 
draw  two  lines  in  the  space  diagram  parallel  to  AG  and  CB  and  so 
that  they  intersect  on  the  line  of  action  of  the  100-pound  force,  ab. 
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The  test  of  the  correctness  of  a  solution  like  this  is  to  take 
the  two  components  as  found,  and  find  their  resultant;  if  the 
resultant  thus  found  agrees  in  magnitude,  direction,  and  sense 
with  the  given  force  (originally  resolved),  the  solution  is  correct. 

Notice  that  the  solution  above  given  is  not  definite,  for  the 
lines  drawn  from  A  and  B  were  drawn  at  random.  A  force  may 
therefore  be  resolved  into  two  components  in  many  ways.  If, 
however,  the  components  have  to  satisfy  conditions,  there  may  be 
but  one  solution.  In  the  most  important  case  of  resolution,  the 
lines  of  action  of  the  components  are  given;  this  case  is  definite, 
there  being  but  one  solution,  as  is  shown  in  the  following  example. 

E'xarnj^le.  It  is  required  to  resolve  the  100-pound  force 
(Fig.  5)  into  two  components  acting  in  the  lines  AE  and  AB. 

Using  the  space  diagram  of  Fig.  10,  draw  a  line  AB  in  Fig. 
10  (c)  to  represent  the  magnitude  and  direction  of  the  100-pound 
force,  and  then  a  line  from  A  parallel  to  the  line  of  action  of 
either  of  the  components,  and  a  line  from  B  parallel  to  the  other, 
thus  locating  D  (or  D').  Then  AD  and  DB  (or  AD' and  D'B)  repre- 
sent the  magnitudes  and  directions  of  the  required  components. 

EXAMPLES  FOR  PRACTICE. 

1.  Resolve  the  160-pound  force  of  Fig.  5  into  components 
which  act  in  AF  and  AE. 

f  The  first  component  equals  238i  pounds,  and  its  sense 
Ans.  I  is  from  A  to  F;  the  second  component  equals  119^ 
(  pounds,  and  its  sense  is  from  E  to  A. 

2.  Resolve  the  50-pound  force  of  Fig.  5  ^into  two  compo- 
nents, acting  in  FA  and  FB. 

!The  first  component  equals  37.3  pounds,  and  its  sense 
is  from  A  to  F;  the  second  component  equals  47.0 
pounds,  and  its  sense  is  from  B  to  F. 
14,  Algebraic  Resolution  of  a  Force  Into  Two  Components. 
If  the  angle  between  the  lines  of  action  of  the  two  components  is 
not  90  degrees,  the  algebraic  method  is  not  simple  and  the 
graphical  method  is  usually  preferable.  When  the  angle  is  90 
degrees,  the  algebraic  method  is  usually  the  shorter,  and  this  is  the 
only  case  herein  explained. 

Let  F  (Fig.  11)  be  the  force  to  be  resolved  into  two  compo- 
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nents  acting  in  the  lines  OX  and  OY.  If  AB  is  drawn  to  repre- 
sent the  magnitude  and  direction  of  F,  and  lines  be  drawn  from 
A  and  B  parallel  to  OX  and  OY,  thus  locating  C,  then  AC  and 
BC  with  arrowheads  as  shown  represent  the  magnitudes  and 
directions  of  the  required  components. 

Now  if  F'  and  F"  represent  the  components  acting  in  OX 
and  OY,  and  x  and  y  denote  the  angles  between  F  and  F',  and  F 
and  F"  respectively,  then  AC  and  BC  represent  F'  and  F",  and  the 
angles  BAC  and  ABC  equal  x  and  y  respectively.  From  the 
right  triangle  ABC  it  follows  that 

and,  F'  =  F  cos  ir,     and  F"  =  F  coa  y. 

If  a  force  is  resolved  into  two    components  whose    lines  of 

action  are  at  right  angles  to 
•J-N.  each  other,  each  is  called  a 

/  I      I  B     rectangular  comjponent  of 

that  force.    Thus  F'  and  F" 
are  rectangular  components 

,,^ ^      ^  ^     ofF. 

p.     y.  The  foregoing  equations 

show  that  the  rectangular 
component  of  a  force  along  any  line  equals  the  product  of  the 
force  and  the  cosine  of  the  angle  hetwee7i  the  force  and  the  line. 
They  show  also  that  the  rectangular  component  of  a  force  along 
its  own  line  of  action  equals  the  force,  and  its  rectangular  com. 
'ponent  at  right  angles  to  the  line  of  action  equals  zero. 

Examples.  1.  A  force  of  120  pounds  makes  an  angle  of 
22  degrees  with  the  horizontal.  What  is  the  value  of  its  compo- 
nent along  the  horizontal  ?  * 

Since  cos  22°  =  0.927,  the  value  of  the  component  equals 
120  X  0,927  =  111.24  pounds. 

2.  What  is  the  value  of  the  component  of  the  90-pound 
force  of  Fig.  5  aloncr  the  vertical  ? 

First  we  must  find  the  value  of  the  angle  which  the  90-pound 
force  of  Fig;.  5  makes  wath  the  vertical. 


*  When  nothing  is  stated  herein  as  to  whether  a  component  is  rectan- 
gular or  not,  then  rectangular  component  is  meant. 


150 


STATICS  17 

Since  tan  EAG  ^--  -^  =  |,  angle  EAG  =  26^  34'. 

Hence  the  value  of  the  desired  component  equals 

90  X  cos  26^  34'  =  90  X  0.8944  =  80.50  pounds. 

EXAMPLES   FOR   PRACTICE. 

1.  Compute  the  horizontal  and  vertical  components  of  a 
force  of  80  pounds  whose  angle  with  the  horizontal  is  60  degrees 

(40  pounds. 
•    I  69.28  pounds. 

2.  Compute  the  horizontal  and  vertical  components  of  the 
100-pound  force  in  Fig.  5.     What  are  their  senses  ? 

j  89.44  pounds  to  the  right. 
I  44.72  pounds  upwards. 

3.  Compute  the  component  of  the  70-pound  force  in  Fig.  5 
along  the  line  EA.     What  is  the  sense  of  the  component  ? 

Ans.     31.  29  pounds  ;  E  to  A. 

III.     CONCURRENT  FORCES  IN   EQUILIBRIUM. 

15.  Condition  of  Equilibrium  Defined.  By  condition  of 
equilibrium  of  a  system  of  forces  is  meant  a  relation  which  they 
must  fulfill  in  order  that  they  may  be  in  equilibrium  or  a  relation 
which  they  fulfill  when  they  are  in  equilibrium. 

In  order  that  any  system  may  be  in  equilibrium,  or  be 
balanced,  their  equilibrant,  and  hence  their  resultant,  must  be 
zero,  and  this  is  a  condition  of  equilibrium.  If  a  system  is  known 
to  be  in  equilibrium,  then,  since  the  forces  balance  among  them- 
selves, their  equilibrant  and  hence  their  resultant  also  equals  zero. 
This  (the  necessity  of  a  zero  resultant)  is  known  as  the  general 
condition  of  equilibrium  for  it  pertains  to  all  kinds  of  force  sys- 
tems. For  special  kinds  of  systems  there  are  special  conditions, 
some  of  which  are  explained  in  the  following. 

16.  Graphical  Condition  of  Equilibrium.  The  ^^  graphical 
'■ojiditlon  of  eqailihrintii''''  for  a  sristcni  (f  concui'rent  forces  /.y 
that  the  polygon  for  the  forces  mtist  close.  For  if  the  polygon 
closes,  then  the  resultant  equals  zero  as  was  pointed  out  in  Art  11. 

By  means  of  this  condition  we  can  solve  problems  relating  to 
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concurrent  forces  which  are  known  to  be  in  equilibrium.  The 
most  common  and  practically  important  of  these  is  the  following: 
The  forces  of  a  concurrent  system  in  equilibrium  are  all 
known  except  two,  but  the  lines  of  action  of  these  two  are  known; 
it  is  required  to  determine  their  magnitudes  and  directions.  This 
problem  arises  again  and  again  in  the  ''  analysis  of  trusses  "  (Arts. 
23  to  26)  but  will  be  illustrated  first  in  simpler  cases, 

JExample.  1.  Fig.  12  represents  a  body  resting  on  an  in- 
clined plane  being  prevented  from  slipping  down  by  a  rope 
fastened  to  it  as  shown.  It  is  required  to  determine  the  pull  or 
tension  on  the  rope  and  the  pressure   of  the    plane  if   the  body 

weighs  120  pounds  and  the 
A  surface  of  the  plane  is  per- 

\       Sca-le:        fectly  smooth.* 
\      "  ■         There  are  three  forces  act- 

\  ing  upon  the  body,  namely, 

^  ■  its  weight  directly  down- 

wards, the  pull  of  the  rope 
Fig.  12.  *        and  the  reaction  or  pressure 

of  the  plane  which,  as  ex 
plained  in  the  footnote,  is  perpendicular  to  the  plane.  We  now 
draw  the  polygon  for  these  forces  making  it  close;  thus  draw  AB 
(1.2  inches  long)  to  represent  the  magnitude  and  direction  of  the 
weight,  120  pounds,  then  from  A  a  line  parallel  to  either  one  of 
the  other  forces,  from  B  a  line  parallel  to  the  third,  and  mark  the 
intersection  of  these  two  lines  C;  then  ABC  A  is  the  polygon.  Since 
the  arrowhead  on  AB  must  point  down  and  since  the  arrowheads 
in  any  force  polygon  must  point  the  same  way  around,  those  on 
BC  and  CA  must  point  as  shown. 

Hence  BC  (0.6  inch,  or  60  pounds)  represents  the  magnitude 
and  direction  of  the  pull  of  the  rope  and  CA  (1.01  inches,  or  104 


*  By  "  a  perfectly  smooth"  surface  is  meant  one  which  offers  no  resist- 
ance to  the  sHding  of  a  body  upon  it.  Strictly,  there  are  no  such  surfaces,  as 
all  real  surfaces  exert  more  or  less  frictional  resistance.  But  there  are  sur- 
faces which  are  practically  perfectly  smooth.  We  use  perfectly  smooth  sur- 
faces in  some  of  our  illustrations  and  examples  for  the  sake  of  simplicity,  for 
we  thus  avoid  the  force  of  friction,  and  the  reaction  or  force  exerted  by  such 
a  surface  on  a  body  resting  upon  it  is  perpendicular  to  the  surface. 
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pounds)  represents  the  magnitude  and  direction  of  the  pressure  of 
the  plane  on  the  body. 

2.  A  body  weighing  200  pounds  is  suspended  from  a  small 
ring  which  is  supported  by  means  of  two  ropes  as  shown  in  Fig. 
13.     It  is  required  to  determine  the  pulls  on  the  two  ropes. 

There  are  three  forces  acting  on  the  ring,  namely  the  down- 


->\\\>\\\\\N\\-^-^\^^^\-^^^ 


>c 


/  3c2>.le: 

/        lin.=2oolbs. 


Fig.  13. 

ward  force  equal  to  the  weight  of  the  body  and  the  pulls  of  the 
two  ropes.  Since  the  ring  is  at  rest,  the  three  forces  balance  or 
are  in  equilibrium,  and  hence  their  force  polygon  must  close.  "We 
proceed  to  draw  the  polygon  and  in  making  it 
close,  we  shall  determine  the  values  of  the  un- 
known pulls.  Thus,  first  draw  AB  (1  inch  long) 
to  represent  the  magnitude  and  direction  of  the 
known  force,  200  pounds;  the  arrowhead  on  it 
must  point  down.  Then  from  A  a  line  parallel 
to  one  of  the  ropes  and  from  B  a  line  parallel  to 
the  other  and  mark  their  intersection  C.  ABCA 
is  the  polygon  for  the  three  forces,  and  since  in  any  force  polygon 
the  arrows  point  the  same  way  around,  we  place  arrowheads  on 
BC  and  CA  as  shown.  Then  BC  and  CA  represent  the  magnitudes 
and  directions  of  the  pulls  exerted  on  the  ring  by  the  right-  and 
left-hand  ropes  respectively. 

BC  =  0.895  inches  and  represents  179  pounds. 
CA  r^=  0.725  inches  and  riBpresents  145  pounds. 

The  directions  of  the  pulls  are  evident  in  this  case  and  the  arrow- 
heads are  superfluous,  but  they  are    mentioned  to  show  how   to 


Fig.  14. 
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place  them  and  what  they  mean  so  that  they  may  be  used  when 
necessary.  To  complete  the  notation,  the  rope  at  the  right  should 
be  marked  he  and  the  other  ca. 

EXAHPLES  FOR    PRACTICE. 

1.  Fig.  14  represents  a  body  weighing  800  pounds  sus- 
pended from  a  ring  which  is  supported  by  two  ropes  as  shown. 
Compute  the  pulls  on  the  ropes. 

.         (  Pull  in  the  horizontal  rope  =  400  pounds. 
\  Pull  in  the  inclined  rope  =  894  pounds. 

2.  Suppose  that  in  Fig.  12  the  rope  supporting  the  body  on 
the  plane  is  so  fastened  that  it  is  horizontal.  Determine  the  pull 
on  the  rope  and  the  pressure  on  the  plane  if  the  inclination  of  the 
plane  to  the  horizontal  is  30  degrees  and  the  body  weighs  120 
pounds. 

^^g   (  Pull  =  68.7  pounds. 

\  Pressure  =  138  pounds. 

3.  A  sphere  weighing  400  pounds  rests  in  a  Y-shaped 
trough,  the  sides  of  which  are  inclined  at  60  degrees  with  the 
horizontal.      Compute  the  pressures  on  the  sphere. 

Ans.     400  pounds. 

17.  Algebraic  Conditions  of  Equilibrium.  Imagine  each 
one  of  the  forces  of  a  concurrent  system  in  equilibrium  replaced  by 
its  components  along  two  lines  at  right  angles  to  each  other, 
horizontal  and  vertical  for  example,  through  the  point  of  concur- 
rence. Evidently  the  system  of  components  would  also  be  in 
equilibrium.  Now  since  the  components  act  along  one  of  two 
lines  (horizontal  or  vertical),  all  the  components  along  each  line 
must  balance  among  themselves  for  if  either  set  of  components 
were  not  balanced,  the  body  would  be  moved  along  that  line. 
Hence  we  state  that  the  conditions  of  equilibrium  of  a  system  of 
concurrent  forces  are  that  the  resultants  of  the  two  sets  of  com- 
ponents of  the  forces  along  any  two  lines  at  right  angles  to  each 
other  must  equal  zero. 

If  the  components  acting  in  the  same  direction  along  either  of 
the  two  lines  be  given  the  plus  sign  and  those  acting  in  the  other 
direction,  the  negative  sign,  then  it  follows  from  the  foregoing 
that  the  condition  of  equilibrium  for  a  concurrent  system  is  that 
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tlia  algehralc  sums  of  the  coiaj>onents  of  the  forces  alon<j  each  qjr 
two  lines  at  right  angles  to  each  other  must  equal  zero. 

Examples.  1.  It  is  required  to  determine  the  pull  on  the 
rojie  and  the  pressure  on  the  plane  in  Example  1,  Art.  16  (Fig.  12), 
it  being  given  that  the  inclination  of  the  plane  to  the  horizontal  is 
30  degrees. 

Let  us  denote  the  pull  of  the  rope  by  F^  and  the  pressure  of 
the  plane  by  Fg.  The  angles  which  these  forces  make  the  horizon- 
tal are  30^  and  GO"^  respectively;  hence 

the  horizontal  component  of  F^  =  F^  X  cos  3(r  =  0.8G60  F^, 
and    "  "  "  "  F2  =  F2   X  cos  G(r  =  0.5000  Fo; 

also    "  "  "  "    the  weidit  =  0. 

o 

The  angles  which  F^  and  Fo  make  with  the  vertical  are  60'  and 
30^  respectively,  hence 

the  vertical  component  of  F^  =  Fj  X  cos  60^  =  0.5000  F^, 
and  the  vertical  component  of  Fg  =  Fo  X  cos  30"^  =  0.8660  Fo; 
also  the  vertical  component  of  the  weight  =:  120. 

Since  the  three  forces  are  in  equilibrium,  the  horizontal  and  the 
vertical  components  are  balanced,  and  hence 

0.866  Fj  =  0.5  Fo 
and  0.5  Fi  +  0.866  Fo  =  120. 

From  these  two  equations  F^  and  Fo  may  be  determined;  thus 
from  the  first, 

F  _  M^fi   ],■  „  1  733  F 
^i  —    0  5      J^  1  —  J--  ''J-^  J^  1- 

Substituting  this  value  of  F2  in  th©  second  equation  we  have 

0.5  Fj  +  0.806  X  1.732  F^  =  120, 
or  2  Fi  =  120; 

hence,  li  =  ~~^  =  60  pounds, 

and  Fo  =  1.732  X  00  =  103.92  pounds. 

2.  It  is  required  to  determine  the  pulls  in  th©  ropes  of 
Fig.  13  by  the  algebraic  method,  it  being  given  that  the  angles 
which  the  left-  and  right-hand  ropes  make  with  the  ceiling  are 
30  and  70  degrees  respectively  and  the  body  weighs  100  pounds. 
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Let  us  denote  the  pulls  in  the  right-  and  left-hand  ropes  by 
Fj  and  Fo  respectively.     Then 

the  horizontal  component  of  F^  =  F^  X  cos  70"  =  0.34:2  Fj, 
the  horizontal  component  of  Fo  =  Fg  X  cos  SO"'  =  0.866  Fg, 
the  horizontal  component  of  the  weight  =  0, 
the  vertical  component  of  i\  =  F^  X  cos  20'  =  0.9397  F^, 
the  vertical  component  of  Fg  =  ¥o  X  cos  60^  —  0.500  Fg, 
and  the  vertical  component  of  the  weight  =  100. 

Now  since  these  three  forces  are  in  equilibrium,  the  horizontal 
and  the  vertical  components  balance;  hence 
0.3^2    Fi  =  0.866  F, 
and  0.9397  F^  +  0.5  F,  =  100. 


I 
I 


W 


Fig.  15. 


These  equations  may  be  solved  for  the  unknown  forces;  thus  from 
the  first, 

0866 
^       0.342  ^"~^^* 

Substituting  this  value  of  Fj  in  the  second  equation,  we  get 

0.9397  X  2.532  F,  +  0.5  F,  .=  100, 


or, 

hence 

and 


100 


F  = 


100 


9  oo  =  34.72  pounds, 
Fi=:  2.532  X  34.72  =  87.91  pounds. 
EXAHPLES  FOR  PRACTICE. 


1.  Solve  Ex.  1,  Art.  16  algebraically.  (First  determine 
the  angle  which  the  inclined  rope  makes  with  the  horizontal;  you 
should  find  it  to  be  63°  26'.) 
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2.  Solve  Ex.  2,  Art.  16  algebraically. 

3.  Solve  Ex.  3,  Art*  IG  algebraically. 

IV.  ANALYSIS  OF  TRUSSES;  "  HETHOD  OF  JOINTS." 

18.  Trusses.  A  truss  is  a  frame  work  nsed  principally  to 
support  loads  as  in  roofs  and  bridges.  Fig.  16,  25,  26  and  27 
represent  several  forms  of  trusses.  The  separate  bars  or  rods,  12, 
28,  etc.  (Fig.  16)  are  called  memhers  of  the  truss  and  all  the  parts 
immediately  concerned  with  the  connection  of  a  number  of  mem- 
bers at  one  place  constitute  a  ;V^f;?#.  A  "pin  joint"  is  shown  in 
Fig.  15  ((?)  and  a  "  riveted  joint "  in  15  {b). 

19.  Truss  Loads.  The  loads  which  trusses  sustain  may  be 
classified  into  fixed,  or  dead,  and  moving  or  live  loads.  A  fixed, 
or  dead  load,  is  one  whose  place  of  application  is  fixed  with  refer- 
ence to  the  truss,  while  a  moving  or  live  load  is  one  whose  place 
of  application  moves  about  on  the  truss. 

E,oof  truss  loads  are  usually  fixed,  and  consist  of  the  weight 
of  the  truss,  roof  covering,  the  snow,  and  the  Mind  pressure,  if  any. 
Bridge  truss  loads  are  fixed  and  moving,  the  first  consisting  of  the 
weights  of  the  truss,  the  floor  or  track,  the  snow,  and  the  wind  press- 
ure, and  the  second  of  the  weight  of  the  passing  trains  or  wagons. 

In  this  paper  we  shall  deal  only  with  trusses  sustaining  fixed 
loads,  trusses  sustaining  moving  loads  being  discussed  later. 

Weight  of  Roof  Trusses.  Before  we  can  design  a  truss,  it  is 
necessary  to  make  an  estimate  of  its  own  weight;  the  actual  weight 
can  be  determined  only  after  the  truss  is  designed.  There  are  a 
number  of  formulas  for  computing  the  probable  weight  of  a  truss, 
all  derived  from  the  actual  weights  of  existing  trusses.  If  W 
denotes  the  weight  of  the  truss,  I  the  span  or  distance  between 
supports  in  feet  and  a  the  distance  between  adjacent  trusses  in  feet, 
then  for  steel  trusses 

and  the  weight  of  a  wooden  ti'uss  is  somewhat  less. 

Roof  Covering.  The  beams  extending  between  adjacent 
trusses  to  support  the  roof  are  called  j9wrZ/;25.  On  these  there  are 
sometimes  placed  lighter  beams  called  rafters  which  in  turn  sup- 
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port  roof  hoards  or  ^'-  sheathimf  "  and  the  other  covering.  Some- 
times the  purlins  are  spaced  closely,  no  rafters  being  used. 

The  following  are  weights  of  roof  materials  in  pounds  ^er 
square  foot  of  roof  surface: 

Sheathino;:     Boards,  3  to  5. 

Shingling:     Tin,  1;  wood  shingles,  2  to  3;  iron,  1  to  3;  slate, 

10;  tiles,  12  to  25. 

Rafters:     1.5  to  3. 

Purlins:     Wood,  1  to  3;  iron,  2  to  4. 

Snow  Loads.  The  weight  of  the  snow  load  that  may  have 
to  be  borne  depends,  of  course,  on  location.  It  is  usually  taken 
from  10  to  30  pounds  per  square  foot  of  area  covered  by  the  roof. 

Wind  Pressure.  Wind  pressure  per  square  foot  depends  on 
the  velocity  of  the  wind  and  the   inclination  of  the  surface  on 


(3)  \L  (6) 

leooo  ^^ 

Fig.  16. 

which  it  blows  to  the  direction  of  the  wind.  A  horizontal  wind 
blowing  at  90  miles  per  hour  produces  a  pressure  of  about  40 
pounds  per  square  foot  on  a  surface  perpendicular  to  the  wind, 
while  on  surfaces  inclined,  the  pressures  are  as  follows: 

10°  to  the  horizontal,  15  pounds  per  square  foot, 

20^  "    "         "  ,  24        "        «         "       " 

3Q='  u    ((         u  32        "        "         "       " 

40°  "    '•         "  ,  36        "        "         "       " 

50°-90°  "    "         "  ,  40        "        "         "       " 

The  wind  jpressu.re  on  an  inclined  surface  is  jpractically  per- 
pendicular  to  the  surface. 

20.  Computation  of  "  Apex  Loads."  The  weight  of  the 
roof  covering  including  rafters  and  purlins  comes  upon  the 
trusses  at  the  points  where  they  support  the  purlins;  likewise  the 
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pressure  due  to  wind  and  snow.  Sometimes  all  the  purlins  are 
supported  at  Joints;  in  such  cases  the  loads  mentioned  act  upon  the 
truss  at  its  joints.  However,  the  roof,  snow,  and  wind  loads  are 
always  assumed  to  be  applied  to  the  truss  at  the  upper  joints  of 
the  trusses.  This  assumption  is  equivalent  to  neglecting  the  bend- 
ing effect  due  to  the  pressure  of  those  purlins  which  are  not  sup- 
ported at  joints.    This  bending  effect  can  be  computed  separately. 

The  weight  of  the  truss  itself  is  assumed  to  come  upon  the 
truss  at  its  upper  joints;  this,  of  course,  is  not  exactly  correct. 
•Most  of  the  weight  does  come  upon  the  upper  joints  for  the  upper 
members  are  much  heavier  than  the  lower  and  the  assumption  is 
in  most  cases  sufficiently  correct. 

Examples.  1.  It  is  required  to  compute  the  apex  loads  for 
the  truss  represented  in  Fig.  IG,  it  being  of  steel,  the  roof  such 
that  it  weicrhs  15  pounds  per  square  foot,  and  the  distance  between 
adjacent  trusses  II:  feet.      , 

The  span  being  42  feet,  the  formula  for  weight  of  truss 
(Art.  19)  becomes 

42 

14  X  42  (-j^  +  i)  =  1,575.84  pounds. 

The  length  14  scales  about  24^  feet,  hence  the  area  of  roofing 
sustained  by  one  truss  e(paals 

48|  X  14  =:  679  square  feet, 

and  the  weight  of  the  roofing  equals 

G79  X  15  =  10,185  pounds. 

The  total  load  equals 

1,575.84  +  10,185  =.  11,760.84  pounds. 

Now  this  load  is  to  be  proportioned  among  the  five  upper  joints, 
but  joints  numbered  (1)  and  (7)  sustain  only  one-half  as  much 
load  as  the  others.     Ileirce  for  joints  (1)  and  (7)  the  loads  equal 

-^  of  11,760  =  1,470, 

and  for  (2),  (4)  and  (5)  they  equal 

-^of  11,760  =  2,940  pounds. 
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As  the  weight  of  the  truss  is  only  estimated,  the  apex  loads  would 
be  taken  as  1,500  and  3,000  pounds  for  convenience. 

2.  It  is  required  to  compute  the  apex  loads  due  to  a  snow 
load  on  the  roof  represented  in  Fig.  16,  the  distance  between  trusses 
being  14  feet. 

The  horizontal  area  covered  by  the  roof  which  is  sustained  by 
one  truss  equals 

42  X  14  =  588  square  feet. 

If  we  assume  the  snow  load  equal  to    10  pounds   per  horizontal 
.square  foot,  than  the  total  snow  load  borne  by  one  truss  equals 

588  X  10  z=  5,880  pounds. 

This  load  divided  between  the  upper  joints  makes 

-^  X  5,330  =  735  pounds 

at  joints  (1)  and  (7);  and 

-J-  X  5,880  =  1,470  pounds 

at  the  joints  (2),  (4),  and  (5). 

3.  It  is  required  to  compute  the  apex  loads  due  to  wind 
pressure  on  the  truss  represented  in  Fig.  16,  the  distance  between 
trusses  being  14  ft. 

The  inclinatien  of  the  roof  to  the  horizontal  can  be  found  by 
measuring  the  angle  from  a  scale  drawing  with  a  protractor  or  by 
computing  as  follows  :  The  triangle  346  is  equilateral,  and  hence 
its  angles  equal  60  degrees  and  the  altitude  of  the  triangle  equals 

14  X  sin  60  =  12.12  feet. 


The  tangent  of  the  angle  413  equals 

12.12 


21 


=:  0.577, 


and  hence  the  angle  equals  30  degrees. 

According  to  Art.  19,  32  pounds  per  square  foot  is  the  proper 
value  of  the  wind  pressure.  Since  the  wind  blows  only  on  one 
side  of  the  roof  at  a  given  time,  the  pressure  sustained  by  one  truss 


160 


STATICS  27 

is  the  wind  pressure  on  one  half  of  the  area  of  the  roof  sustained 
by  one  truss,  that  is 

U  X  24:L  X  32  =  10,864  pounds. 

One  half  of  this  pressure  coines  upon  the  truss  at  joint  (2)  and  one 
fourth  at  joints  (1)  and  (4). 

RXAMPLES  FOR  PRACTICE. 

1.  Compute  the  apex  loads  due  to  weight  for  the  truss 
represented  in  Fig.  27  if  the  roofing  weighs  12  pounds  per  square 
foot  and  the  trusses  (steel)  are  12  feet  apart. 

Ans.     Aa  shown  in  Fig.  27. 

2.  Compute  the  apex  loads  due  to  a  snow  load  of  20  pounds 
per  square  foot  on  the  truss  of  Fig.  25,  the  distance  between 
trusses  being  15  feet. 

r  For  joints  (4)  and  (7),  1,200  pounds. 

Ans.    <  For  joints  (1)  and  (3),  3,600  pounds. 

(  For  joint     (2)  ,  4,800  pounds. 

3.  Compute  the  apex  loads  due  to  wind  for  the  truss  of  Fig. 
26,  the  distance  between  trusses  being;  15  feet. 

r  Pressure  equals  practically  29  pounds  per 
Ans.    J  square  foot.     Load  at  joint  (2)  is  4,860  and 
I  at  joints  ( 1)  and  (3)  2,430  pounds. 

21.  Stress  in  a  Member.  If  a  truss  is  loaded  only  at  its 
joints,  its  members  are  under  either  tension  or  compression,  but 
the  weight  of  a  member  tends  to  bend  it  also,  unless  it  is  vertical. 
If  purlins  rest  upon  members  between  the  joints,  then  they  also 
bend  these  members.  We  have  therefore  tension  members,  com- 
pression members,  and  members  subjected  to  bending  stress  com- 
bined with  tension  or  compression.  Calling  simple  tension  or 
compression  direct  stress  as  in  "  Strength  of  Materials,"  then  the 
process  of  determining  the  direct  stress  in  the  members  is  called 
"  analyzing  the  truss." 

22.  Forces  at  a  Joint.  By  "  forces  at  a  joint  "  is  meant  all 
the  loads,  weights,  and  reactions  which  are  applied  there  and  the 
forces  which  the  members  exert  upon  it.  These  latter  are  pushes 
for  compression  members  and  pulls  for  tension  members,  in  each 
case  acting  along  the  axis  of  the  member.     Thus,  if  the  horizontal 
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and  inclined  members  in  Fig.  15  are  in  tension,  they  exert  pulls 
on  the  joint,  and  if  the  vertical  is  a  compression  member,  it  ex- 
erts a  push  on  the  joint  as  indicated.  The  forces  acting  at  a 
joint  are  therefore  concurrent  and  their  lines  of  action  are 
always  I'.Jiown. 

23.  General  Method  of  Procedure.  The  forces  acting  at  a 
joint  constitute  a  system  in  equilibrium,  and  since  the  forces  are 
concurrent  and  their  lines  of  action  are  all  known,  we  can  determine 
the  magnitude  of  two  of  the  forces  if  the  others  are  all  known ;  for 
this  is  the  important  problem  mentioned  in  Art.  16  which  was 
illustrated  there  and  in  Art.  17. 

Accordingly,  after  the  loads  and  reactions  on  a  truss,  which  is 
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to  be  analyzed,  have  been  ascertained*,  we  look  for  a  joint  at  whict, 
only  two  members  are  connected  (the  end  joints  are  usually  such). 
Then  we  consider  the  forces  at  that  joint  and  determine  the  two 
unknown  forces  which  the  two  members  exert  upon  it  by  methods 
explained  in  Arts.  16  or  17.  The  forces  so  ascertained  are  the 
direct  stresses,  or  stresses,  as  we  shall  call  them  for  short,  and  they 
are  the  values  of  the  pushes  or  pulls  which  those  same  rnemhers 
exert  upon  the  joints  at  their  other  ends. 

Next  we  look  for  another  joint  at  which  but  two  unknown 
forces  act,  then  determine  these  forces,  and  continue  this  process 
until  the  stress  in  each  member  has  been  ascertained.  We  explain 
further  by  means  of 

Examples.     1.     It  is  desired  to  determine  the  stresses  in  the 


*  How  to  ascertain  the  values  of  the  reactions  is  explained  in  Art.  37. 
For  the  present  their  values  in  a«y  given  case  are  merely  stated. 
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(^) 


members  of  the  steel  truss,  represented  in  Fig.  16,  due  to  its  own 
weight  and  that  of  the  roofing  assumed  to  weigh  12  pounds  per 
square  foot.     The  distance  between  trusses  is  14  feet. 

The  apex  loads  for  this  case  were  computed  in  Example  1, 
Art.  20,  and  are  marked  in  Fig.  16.  Without  computation  it  is 
plain  that  each  reaction  equals  one-half  the  total  load,  that  is,  ^  of 
12,000,  or  6,000  pounds. 

The  forces  at  joint  (1)  are  four  in  number,  namely,  the  left 
reaction  (6,000  pounds),  the  load  applied  there  (1,500  pounds), 
and  the  forces  exerted  _ 

by  members  12  and 
18.  For  clearness,  we 
represent  these  forces 
so  far  as  known  in  Fig. 
17  («);  we  can  deter- 
mine the  two  un- 
known forces  by 
merely  constructing  a 
closed  force  polygon 
for  all  of  them.  To 
construct  the  polygon, 
we  first  represent  the 

known  forces;  thus  AB  (1  inch  long  with  arrowhead  pointing  up) 
represents  the  reaction  and  EC  (^  inch  long  with  arrowhead  point- 
ing down)  represents  the  load.  Then  from  A  and  C  we  draw  lines 
parallel  to  the  two  unknown  forces  and  mark  their  intersection  D 
(or  D').  Then  the  polygon  is  ABCDA,  and  CD  (1.5  inches  = 
9,000  pounds)  represents  the  force  exerted  by  the  member  12  on 
the  joint  and  DA  (1.3  inches  =  7,800  pounds)  represents  the  force 
exerted  by  the  member  13  on  the  joint.  The  arrowheads  on  BC 
and  CD  must  point  as  shown,  in  order  that  all  may  point  the  same 
way  around,  and  hence  the  force  exerted  by  member  12  acts 
toward  the  joint  and  is  a  push,  and  that  exerted  by  13  acts  away 
from  the  joint  and  is  a  pull.  It  follows  that  12  is  in  compression 
and  13  in  tension. 

If  D'  be  used,  the  same  results  are  reached,  for  the  polygon  is 
ABCD'A  with  arrowheads  as  shown,  and  it  is  plain  that  CD'  and 
DA  also  D'A  and  CD  are  equal  and  have  the  same  sense.     But  one 
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of  tliese  force  polygons  is  preferable  for  reasons  explained  later. 
Since  12  is  in  compression,  it  exerts  a  push  (9,000  pounds) 
on  joint  (2)  as  represented  in  Fig.  18  («),  and  since  13  is  in 
tension  it  exerts  a  pull  (7,800  pounds)  on  joint  (3)  as  represented 
in  Fig.  19  («). 

The  forces  at  joint  (2)  are  four  in  number,  the  load  (3,000 
pounds),  the  force  9,000  pounds,  and  the  force  exerted  upon  it  by 
the  members  24  and  23;  they  are  represented  as  far  as  known  in 

Fig.   18  («).     We  determine  the  un- 

258o  lbs.  known  forces  by  constructing  a  closed 

.  \  /  pob'g^'^  ^or  all  of  them.     liepresent- 

'  -*   ^ incr  the  known  forces  first,  draw  AB 

o    IDS.  ^-^^^  inches  long  with  arrowhead  point- 

(b)  ing  up)   to  represent  the  9,000  pound 

•Q  j5  ^  force  and  BC  (^  inch  long  with  arrow- 

V       7  head  pointing  down)    to  represent  the 

\^/    ^  Sc^le:  load  of  8,000  pounds.     Next  from  A 

Q    lin.=  6oool'bs.      ^nd  C  draw  lines  parallel  to  the  two 
Fig.  19.  unknown  forces  and  mark  their  inter- 

section D;  then  the  force  polygon  is 
ABCDA  and  the  arrowheads  on  CD  and  DA  must  point  as  shown. 
CD  (1.25  inches  =  7,500  pounds)  represents  the  force  exerted  on 
joint  (2)  by  24;  since  it  acts  tow^ard  the  joint  the  force  is  a  push 
and  member  24  is  in  compression.  DA  (0.43  inches  =  2,580 
pounds)  represents  the  force  exerted  on  the  joint  by  member  23; 
since  the  force  acts  toward  the  joint  it  is  a  push  and  the  member 
is  in  compression.  Member  23  therefore  exerts  a  push  on  joint 
(3)  as  shown  in  Fig,  19  («). 

At  joint  (3)  there  are  four  forces,  7,800  pounds,  2,580 
pounds,  and  the  forces  exerted  on  the  joint  by  members  34  and  36. 
To  determine  these,  construct  the  polygon  for  the  four  forces. 
Thus,  AB  (1.3  inches  long  with  arrowhead  pointing  to  the  left) 
represents  the  7,800-pound  force  and  BC  (0.43  inches  long  with 
arrowheads  pointing  down)  represents  the  2,580-pound  force.  Next 
draw  from  A  and  C  two  lines  parallel  to  the  unknown  forces  and 
mark  their  intersection  D;  then  the  force  polygon  is  ABCDA  and 
the  arrowhead  on  CD  and  DA  must  point  upw^ard  and  to  the  right 
respectively.      CD  (0.43  inches  =  2,580  pounds)  represents   the 
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force  exerted  on  the  joint  by  member  84;  since  the  force  acts 
away  from  the  joint  it  is  a  pull  and  the  member  is  in  tension. 
DA  (0.87  inches  ==  5,220  pounds)  represents  the  force  exerted 
upon  the  joint  by  the  member  36;  since  the  force  acts  away  from 
the  joint,  it  is  a  pull  and  the  member  is  in  tension. 

We  have  now  determined  the  amount  and  kind  of  stress  in 
members  12,  13,  23,  24,  34  and  36.  It  is  evident  that  the  stress 
in  each  of  the  inembers  on  the  right-hand  side  is  the  same  as  the 
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stress  in  the  corresponding  one  on  the  left-hand  side;  hence  further 
analysis  is  unnecessary. 

2.  It  is  required  to  analyze  the  truss  represented  in  Fig. 
20  (ff),  the  truss  being  supported  at  the  ends  and  sustaining  two 
loads,  1,800  and  600  pounds,  as  shown.  (For  simplicity  we  as- 
sumed values  of  the  load;  the  lower  one  might  be  a  load  due  to  a 
suspended  body.     We  shall  solve  algebraically.) 

The  right  and  left  reactions  equal  900  and  1,500  pounds  as 
is  shown  in  Example  1,  Page  56.  At  joint  (1)  there  are  three 
forces,  namely,  the  reaction  1,500  pounds  and  the  forces  exerted 
by  members  13  and  14,  which  we  will  denote  by  F^  and  Fg  respect 
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ively.     The  three  forces  are  represented  in  Fig.  20   [I)  as  far  as 

they  are  known.     These  three  forces  being  in  equilibrium,    their 

horizontal  and  their  vertical  components  balance.     Since  there  are 

but  two  horizontal  components    and  two    vertical  components  it 

follows  that  (for  balance  of  the  components)  F^  must  act  downward 

and  Fg  toward  the  right.     Hence  member  13  pushes  on  the  joint 

and  is.under  compression  while  member  li  pulls  on  the  joint  and 

is  under  tension.     From  the  figure  it  is  plain  that 

the  horizontal  component  of  Fj  =  F^  cos  53^^  8'  =  0.6  F^*, 

the  horizontal  component  of  F3  =  Fg, 

the  vertical  component  of  Fi  =  F^  cos  36°  52'  =  0.8  Fj, 

and  the  vertical  component  of  the  reaction  =  1,500. 

Hence  0.6  F^  =  Fg,  and  0.8  Fj  =  1,500; 

1,500 
or,  Fi  =  -■'  ^     =  1,875  pounds, 

and  F2  =  0.6  X  1,875  =  1,125  pounds. 

Since  members  14  and  13  are  in  tension  and  compression  respect- 
ively, 14  pulls  on  joint  (4)  as  shown  in  Fig.  20  (c)  and  13  pushes 
on  joint  (3)  as  shown  in  Fig.  20  (d). 

The  forces  acting  at  joint  (4)  are  the  load  600  pounds,  the 
pull  1,125  pounds,  and  the  forces  exerted  by  members  34  and  24; 
the  last  two  we  will  call  F3  and  F^  respectively.  The  four  forces 
being  horizontal  or  vertical,  it  is  plain  without  computation  that 
for  balance  F^  must  be  a  pull  of  1,125  pounds  and  F3  one  of  600 
pounds.  Since  members  42  and  43  pull  on  the  joint  they  are 
both  in  tension.  ' 

^Member  43,  being  in  tension,  pulls  down  on  joint  (3)  as 
shown  in  Fig.  20  (d).  The  other  forces  acting  on  that  joint  are 
the  load  1,800  pounds,  the  push  1,875  pounds,  the  pull  600 
pounds,  and  the  force  exerted  by  member  32  which  we  will  call 
F5.  The  only  one  of  these  forces  having  horizontal  components 
are  1,875  and  F5;  hence  in  order  that  these  two  components  may 
balance,  Fg  must  act  toward  the  left.  Fg  is  therefore  a  push 
and  the  member  32  is  under  compression. 


*  The  angles  can  be  computed  from  the  dimensions  of  the  truss;  often 
they  can  be  ascertained  easiest  by  scaUng  them  with  a  protractor  from  a 
large  size  drawing  of  the  truss. 
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The  horizontal  component  of  1,875  =  1,875  X  cos  53°  8'  =  1,125; 
and    the  horizontal    component    of    F5   =   Fg    X    cos  38°  40'    = 
0.7808  F5. 
Hence  0.7808  F5  =   1,125, 

1  125 

or,  Fg  =  -  '  .Ao  =^  1,4:40  pounds. 

(This  same  truss  is  analyzed  graphically  later.) 

24.  Notation  for  Graphical  Analysis  of  Trusses.  The  nota. 
tion  described  in  Art.  3  can  be  advantageously  systematized  in 
this  connection  as  follows:  Each  triangular  space  in  the  diagram 
of  the  truss  and  the  spaces  between  consecutive  lines  of  action  of 
the  loads  and  reactions  should  be  marked  by  a  small  letter  (see 


Fig.  21  a).  Then  the  two  letters  on 
opposite  sides  of  any  line  serve  to  denote 
that  line  and  the  same  large  letters  are 
used  to  denote  the  force  acting  in  that 
line.  Thus  cd  (Fig.  21a)  refers  to  the 
member  12  and  CD  should  be  used  to 
stand  for  the  force  or  stress  in  that 
member. 

25.  Polygon  for  a  Joint.  In  draw- 
ing the  polygon  for  all  the  forces  at  a 
joint,  it  is  advantageous  to  represent  the 
forces  in  the  order  in  w^hich  they  occur 
about  the  joint.  Evidently  there  are 
always  two  possible  orders  thus  (see  Fig.  20  d)  F^,,  GOO,  1,875,  and 
1,800  is  one  order  around,  and  F^,  1,800,  1,875,  and  GOO  is  another. 
The  first  is  called  a  clockwise  order  and  the  second  counter-clockwise. 


Scdwle: 
lin.=  6ooolbs. 

Fig.  21. 
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A  force  polygon  for  the  forces  at  a  joint  in  which  the  forces  are 
represented  in  either  order  in  which  they  occur  about  the  Joint  is 
called  a  polygon  for  the  joint,  and  it  will  be  called  a  clockwise  or 
counter-clockwise  polygon  according  as  the  order  followed  is  clock- 
wise or  counter-clockwise.  Thus  in  Fig.  17  (b),  ABCDA  is  a 
clockwise  polygon  for  joint  (1).     ABCD'A  is  a  polygon  for  the 
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forces  at  the  joint;  it  is  not  a  poly- 
gon for  the  joint  because  the  order 
in  which  the  forces  are  represented 
in  that  polygon  is  not  the  same  as 
either  order  in  which  they  occur 
about  the  joint. 

(Draw  the  counter-clockwise 
polygon  for  the  joint  and  compare 
it  with  ABCDA  and  ABCD'A.) 

26.  Stress  Diagrams.  If  the 
polygons  for  all  the  joints  of  a  truss 
are  drawn  separately  as  in  Example 
1,  Art.  23,  the  stfess  in  each  mem- 
ber will  have  been  represented  twice.  It  is  possible  to  combine 
the  polygons  so  that  it  will  be  unnecessary  to  represent  the  stress 
in  any  one  member  more  than  once,  thus  reducing  the  number 
of  lines  to  be  drawn.  Such  a  combination  of  force  polygons  is 
called  a  stress  diao;ram. 

Fig  21  (J)  is  a  stress  diagram  for  the  truss  of  Fig.  21  (a) 


Sca-le: 
lin.=  looolbs. 

Fig.  22. 
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same  as  the  truss  of  Fig.  16.  It  will  be  seen  that  the  part  of  the 
stress  diaoram  consisting  of  solid  lines  is  a  combination  of  separate 
polygons  previously  drawn  for  the  joints  on  the  left  half  of  the 
truss  (Figs.  17,  18  and  10.)  It  will  also  be  seen  that  the  polygons 
are  all  clockwise,  but  counter-clockwise  polygons  could  be  com- 
bined into  a  stress  diagram. 

To  Construct  a  Stress  Diagram  for  a  Truss  Under  Given 
Loads. 

1.  Determine  the  reactions*. 

2.  Letter  the  truss  diagram  as  explained  in  Art.  24. 

3.  Construct  a  force  polygon  for  all  the  forces  applied  to  the 
truss  (loads  and  reactions)  representing  them  in  the  order  in 
which  they  occur  around  the  truss,  clockwise  or  counter-clock- 
wise. (The  part  of  this  polygon  representing  the  loads  is  called 
a  load  line.) 

4.  On  the  sides  of  that  polygon,  construct  the  polygons  for 
all  the  joints.  They  must  be  clockwise  or  counter-clockwise  ac- 
cording as  the  polygon  for  the  loads  and  reactions  is  clockwise  or 
counter-clockwise.  (The  first  polygon  for  a  joint  must  be  drawn 
for  one  at  which  but  two  members  are  connected — the  joints  at 
the  supports  are  usually  such.  Then  one  can  draw  in  succession 
the  polygons  for  joints  at  which  there  are  not  more  than  two  un- 
known forces  until  the  stress  diagram  is  completed.) 

Example.  It  is  desired  to  construct  a  stress  diagram  for  the 
truss  represented  in  Fig.  22  («),  it  being  supported  at  its  ends 
and  sustaining  two  loads  of  1,800  and  600  pounds  as  shown. 

The  right  and  left  reactions  are  900  and  1,500  pounds  as  is 
shown  in  Example  1,  Art.  37.  Following  the  foregoing  directions 
we  first  letter  the  truss,  as  shown.  Then,  where  convenient,  draw 
the  polygon  for  all  the  loads  and  reactions,  beginning  with  any 
force,  but  representing  them  in  order  as  previously  directed. 
Thus,  beginning  with  the  1,800-pound  load  and  following  the 
clockwise  order  for  example,  lay  off  a  line  1.8  inch  in  length  rep- 
resenting 1,800  pounds  (scale  1,000  pounds  to  an  inch);  since  the 
line  of  action  of  the  force  is  ho,  the  line  is  to  be  marked  BO  and 
B  should  be  placed  at  the  upper  end  of  the  line  for  a  reason  which 


*  As  already  stated,  methods  for  determining  reactions  are  explained  in 
Art.  37;  for  the  present  the  values  of  the  reactions  in  any  example  will  be  given. 
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will  presently  appear.  The  next  force  to  be  represented  is  the 
right  reaction,  900  pounds  ;  hence  from  C  draw  a  line  upward  and 
0.90  inch  long.  The  line  of  action  of  this  force  beinof  <?<?,  the  line 
just  drawn  should  be  marked  CE  and  since  C  is  already  at  the 
lower  end,  we  mark  the  upper  end  E.  (The  reason  for  placing  B 
at  the  upper  end  of  the  first  line  is  now  apparent.)  The  next 
force  to  be  represented  is  the  600-pound  load  ;  therefore  we  draw 
from  E  a  line  downward  and  0.6  inch  long-  and  since  the  line  of 
action  of  that  force  is  <?/,  mark  the  lower  end  of  the  line  F.  The 
next  force  to  be  represented  is  the  left  reaction,  1,500  pounds,  hence 
we  draw  a  line  1.5  inches  long  and  upward  from  F.  If  the  lines 
have  been  carefully  laid  off,  the  end  of  the  last  line  should  fall  at 
B,  that  is,  the  polygon  should  close. 

We  are  now  ready  to  draw  polygons  for  the  Joints;  we  may 
begin  at  the  right  or  left  end  as  we  please  but  we  should  bear  in 
mind  that  the  polygons  must  be  clockwise  because  the  polygon  for 
the  loads  and  reactions  (BCEFB)  is  such  an  one.  Beginning  at 
the  right  end  for  example,  notice  that  there  are  three  forces  there, 
the  right  reaction,  de  and  do.  The  right  reaction  is  represented 
by  CE,  hence  from  E  draw  a  line  parallel  to  de  and  from  C  one 
parallel  to  do  and  mark  their  intersection  D.  Then  CEDO  is  the 
clockwise  polygon  for  the  right-hand  joint,  and  since  CE  acts  up, 
the  arrows  on  ED  and  DO  would  point  to  the  left  and  down 
respectively.  It  is  better  to  place  the  arrows  near  the  joint  to 
which  they  refer  than  in  the  stress  diagram ;  this  is  left  to  the  student. 
The  force  exerted  by  member  ed  on  joint  (2)  being  a  pull,  ed  is 
under  tension,  and  since  ED  measures  1.12  inches,  the  value  of 
that  tension  is  1,120  pounds.  The  force  exerted  by  member  do  on 
joint  (2)  being  a  push,  do  is  under  compression,  and  since  DC 
measures  1.44  inches,  the  value  of  that  compression  is  1,440  pounds. 

The  member  do  being  in  compression,  exerts  a  push  on  the 
joint  (3)  and  the  member  de  being  in  tension,  exerts  a  pull  on  the 
joint  (4).    Kext  indicate  this  push  and  pull  by  arrows. 

We  might  now  draw  the  polygon  for  any  one  of  the  remain- 
ing joints,  for  there  are  at  each  but  two  unknown  forces.  We 
choose  to  draw  the  polygon  for  the  joint  (3).  There  are  four 
forces  acting  there,  namely,  the  1,800-pound  load,  the  push  (1,440 
pounds)  exerted  by  cd,  and  the  forces  exerted  by  members  ad  and 
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«J,  unknown  in  amount  and  sense.  Now  tlie  first  two  of  these 
forces  are  already  represented  in  the  stress  diagram  bj  BC  and 
CD,  therefore  we  draw  from  D  a  line  parallel  to  da  and  from  B 
a  line  parallel  to  ba  and  mark  their  intersection  A,  Then  BCDAB 
is  the  polygon  for  the  Joint,  and  since  the  arrowhead  on  BG  and 
CD  would  point  down  and  up  respectively,  DA  acts  down  and 
AB  up;  hence  place  arrowheads  in  those  directions  on  da  and 
ah  near  the  joint  being  considered.  These  arrows  signify  that 
member  (/r^  pulls  on  the  joint  and  l>a  pushes;  hence  da  is  in  tension 
and  ha  in  compression.  Sinc^  DA  and  AB  measure  0.6  and  1,88 
inches  respectively,  the  values 
of  the  tension  and  compression 
are  600  and  1,880  pounds. 

Next  place  arrowheads  on 
ah  and  ad  at  joints  (1)  and  (1) 
to  represent  a  push  and  a 
pull  respectively.  There  re- 
mains now  but  one  stress  un- 
determined, that  in  of.     It  can 

be  ascertained  by  drawing  the  polygon  for  joint  1  or  1;  let  us  draw 
the  latter.  There  ai-e  four  forces  acting  at  that  joint,  namely,  the 
GOO-pound  load,  and  the  forces  exerted  by  members  cJ,  r/<:/,  and  (:{/". 
The  first  three  forces  are  already  represented  in  the  drawing  by  EF, 
DE  and  DA,  and  the  polygon  for  those  three  forces  (not  closed) 
is  ADEF.  The  fourth  force  must  close  the  polygon,  that  is,  a  line 
from  F  parallel  to  ^(/*  must  pass  through  A,  and  if  the  drawing 
has  been  accurately  done,  it  will  pass  through  A.  The  polygon 
for  the  four  forces  then  is  ADEFA,  and  an  arrowhead  placed  on 
FA  ought  to  point  to  the  left,  but  as  before,  place  it  in  the  truss 
diagram  on  r(/'near  joint  (I).  The  force  exerted  by  member  ofow 
joint  (1)  being  a  pull,  af'\%  under  tension,  and  since  AF  measures 
1.12  inches,  the  value  of  the  tension  is  1,120  pounds. 

Since  of  is  in  tension  it  pulls  on  joint  (1),  hence  we  place  an 
arrowhead  on  ^//"near  joint  (1)  to  indicate  that  pull. 

EXAMPLES  FOR  PRACTICE. 

1.  Construct  a  stress  diagram  for  the  truss  of  the  preceding 
Example  (Fig.  22^^)  making  all  the  polygons  counter-clockwise, 
and  compare  with  the  stress  diagram  in  Fig.  22. 
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2.     Determine  the  stresses  in  the  members  of  the  truss  repre- 
sented in  Fig.  23  due  to  a  single  load  of  2,000  pounds  at  the  peak. 

(  Stresses  in  12  and  23  =  1,510  pounds, 
•|  Stresses  in  li  and  43  =  1,930  pounds, 
(  Stress  in   2-1  =  490  pounds. 


I 


Ans. 


Sca-le: 

in  =  2ooolb5 


1  ^     - 


27,  Stress  Records.  AVhen 
makincr  a  record  of  the  values 
of  the  stresses  as  determined 
in  { n  analysis  of  a  truss,  it  is 
convenient  to  distinguish  be- 
tween tension  and  compres- 
sion bv  means  of  the  signs 
plus  and  minus.  Custom 
differs  as  to  use  of  the  signs 
for  this  purpose,  but  we  shall 
use  j'>/?/s  y^r  tension-  and 
minus  for  compression.  Thus 
+  4,500  means  a  tensile  stress 
of  4,560  pounds,  and  -  7,500 
means  a  compressive  stress  of  7,500  pounds. 

The  record  of  the  stresses  as  obtained  in  an  analysis  can  be 
conveniently  made  in  the  form  of  a  table,  as  in  Example  1  follow- 
ing, or  in   the  truss  diagram  itself,  as  in  Example  2  (Fig.  25). 

As  previously  explained,  the  stress  in  a  member  is  tensile  or 
compressive  according  as  the  member  pulls  or  pushes  on  the  joints 
between  which  it  extends.     If  the  arrowheads  are  placed  on  tbe 
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lines  representing  tlie  members  as  was  explained  in  Example  1  of 
Art.  26  (Fig.  22),  the  two  arrowheads  on  any  member 

point  toward  eacli  other  on  tension  members, 
and  from  each  other  on  compression  members. 

If  the  system  of  lettering  explained  in  Art.  24  is  followed  in 
the  analysis  of  a  truss,  and  if  the  first  polygon  (for  the  loads  and 
reactions)  is  drawn  according  to  directions  (Art.  2G),  then  the 
system  of  lettering  will  guide  one  in  drawing  the  polygons  for  the 
joints  as  shown  in  the  following  illustrations.  It  must  be  remem- 
bered always  that  any  two  parallel  lines,  one  in  the  truss  and  one 
in  the  stress  diagram,  must  be  designated  by  the  same  two  letters, 
the  first  by  small  letters  on  opposite  sides  of  it,  and  the  second  by 
the  same  .capitals  at  its  ends. 

Examples.  1.  It  is  required  to  construct  a  stress  diagram 
for  the  truss  represented  in  Fig.  24  supported  at  its  ends  and 
sustaining  three  loads  of  2,000  pounds  as  shown.  Evidently 
the  reactions  equal  3,000  pounds. 

Following  the  directions  of  Art.  20,  we  letter  the  truss 
diagram,  then  draw  the  polygon  for  the  loads  and  reactions. 
Thus,  to  the  scale  indicated  in  Fig.  24  (J),  AB,  BC,  and  CD  repre- 
sent the  loads  at  joints  (2),  (3)  and  (5)  respectively  and  DE 
and  EA  represent  the  right  and  the  left  reactions  respectively. 
Notice  that  the  polygon  (ABCDEA)  is  a  clockwise  one. 

At  joint  (l)there  are  three  forces,  the  left  reaction  and  the  forces 
exerted  by  the  members  ^r/'andyl'.  Since  the  forces  exerted  by 
these  two  members  must  be  marked  AF  and  EF  we  draw  from  A 
a  line  parallel  to  c(/and  from  E  one  parallel  to  ef  and  mark  their 
intersection  F.  Then  EAFE  is  the  polygon  for  joint  (1),  and  since 
EA  acts  up  (see  the  polygon),  AF  acts  down  and  FE  to  the  right. 
We,  therefore,  place  the  proper  arrowheads  on  af  n^nd  fe  near  (1). 
and  record  (see  adjoining  table)  that  the  stresses  in  those  members 
are  compressive  and  tensile  respectively.  Measuring,  we  find  that 
AF  and  FE  equal  6,150  and  5,100  pounds  respectively. 


Member. 

Stress. . 


af 

-  6,150 


fe 
+5,100 
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bg 
-  4,100 


fg 
- 1,875 


gh 
+2,720 
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We  may  next  draw  the  polygon  for  joint  (6)  or  (2)  since  there 
are  but  two  unknown  forces  at  each.  At  joint  (2)  for  instance, 
the  unknown  forces  are  those  exerted  by  fg  and  hg^  and  the 
known  are    the  load    ah  (2,000   pounds)    and    the    force  exerted 


2ooolbs.      ]o 
b)  -23oo 


12ooolbs. 
(2) 


I; 


by  of.      Since    the    unknown    forces  \  Scs.ie: 

must  be  marked  FG  and  GB,  draw 
from  F  a  line  parallel  to  fg,  from 
B  a  line  parallel  to  hg,^  and  mark 
their  intersection  G.  Then  the  poly- 
gon for  the  joint  is  FABGF,  and 
since  AB  acts  down  (see  the  polygon)  W 
BG  and  GF  act  down  and  up  respec- 
tively. Therefore,  place  the  proper 
arrowheads  on  hg  and  gf  near  (2),  and 
record  that  the  stresses  in  those  mem- 
bers are  both  compressive.  Measur. 
ing,  we  find  that  BG  and  GF  wale 
4,100  and  1,875  pounds  respectively. 
Now  draw  a  polygon  for  joint 
(3)  or  (6)  since  there  are  hut  two  un- 
known forces  at  each  joint.     At  (3) 

for  instance,  the  unknown  forces  are  those  exerted  by  vh  and  gh^ 
the  known  forces  being  the  load  (2,000  pounds)  and  the  force  4,100 
pounds,  exerted  by  hg.  Since  the  unknown  forces  must  be 
marked  CH  and  GH,  draw  from  C  a  line  parallel  to  ch,  from 
G  one  parallel    to    gh^   and    mark    their   intersection    H.     Then 


Fig.  25. 


174 


STATICS 


41 


GBCHG  is  the  polygon  for  the  joint,  and  since  BC  acts  down 
(see  the  polygon)  CH  acts  up  and  HG  down.  Therefore,  place 
the  proper  arrowheads  on  ch  and  hg  near  (3),  and  record  that  the 
stresses  in  those  members  are  compressive  and  tensile  respectively. 
Measuring,  we  find  that  CH  and  HG  scale  4,100  and  2,720 
pounds  respectively. 

It  is  plain  that  the  stress  in  any  member  on  the  right- 
hand  side  is  the  same  as  that  in  the  corresponding  member  on 
the  left,  hence    it    is    not    necessary    to  construct    the    complete 


stress  diagram. 


2.     It  is  required  to    analyze    the  truss  of    Fig.    25  which 


2oooltos. 


Fig.  26. 

rests    on  end  supports  and    sustains    three    loads    each  of  2,000 
pounds  as  shown.     Each  member  is   IG  feet  long. 

Evidently,    reactions    are    each    3,000    pounds.     Following 
directions  of    Art.  26,    first    letter    the  truss    diagram  and  then 


looolts. 


Fig.  27. 

draw  a  polygon  for  the  loads  and  reactions  representing  them 
in  either  order  in  which  they  occur  about  the  truss.  DCBAED 
is  a  counter-clockwise  polygon,  DC,  CB,  and  BA  representing  the 
loads  at  joints  (1),  (2)  and  (3),  AE  the  left  reaction,  ED  the  right 
reaction. 
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The  construction  of  the  polygons  is  carried  out  as  in  the 
preceding  illustration,  and  little  explanation  is  necessary.  The 
polygon  for  joint  (4)  is  AEFA,  EF  (1,725  pounds  tension) 
representing  the  stress  in  ^and  FA  (3,450  pounds  compression) 
that  in  of.  The  polygon  for  joint  (3)  is  BAFGB,  FG  (1,150 
pounds  tension)  representing  the  stress  in  fg  and  GB  (2,300 
pounds  compression)  that  in  gl>.  The  polygon  for  joint  (5) 
is  GFEIIG,  EII  (2,875  pounds  tension)  representing  the  stress 
in  eh  and  IIG  (1,150  pounds  compression)  that  in  hg. 

Evidently  the  stress  in  any  member  on  the  right  side  of 
the  truss  is  like  that  in  the  corresponding  member  on  the  left, 
therefore  it  is  not  necessary  to  construct  the  remainder  of  the 
stress  diagram, 

EXAHPLES  FOR  PRACTICE. 

1.  Analyze  the  truss  represent^  in  Fig.  26,  it  being  sup- 
ported at  its  ends  and  sustaining  three  loads  of  2,000  and  two 
of  1,000  pounds  as  represented. 

STRESS  RECORD. 


_ 

_ 





, 

Member 

12 

23 

14 

45 

24 

25 

35 

Stress 

-8,950 

-5,600 

+8,000 

-1-8,000 

+1,000 

-3,350 

+3,000 

2.  Analyze  the  truss  represented  in  Fig.  27,  it  being  sup- 
ported at  its  end's  and  sustaining  five  2,000-pound  loads  and  two 
of  1,000  as  shown. 

STRESS  RECORD. 


Member.       12 

Stress... -11. 200 


23 

-8,900 


34 
-8,900 


51 
+10,000 


52 
-2,000 


53 
-2,000 


54  56 

+3,600    +6,000 


28.  Analysis  for  Snow  Loads.  In  some  cases  the  apex 
snow  loads  are  a  definite  fractional  part  of  the  apex  loads  due 
to  the  weights  of  roof  and  truss.  For  instance,  in  Examples  1 
and  2,  Pages  25  and  26,  it  is  shown  that  the  apex  loads  are 
1,500  and  3,000  pounds  due  to  weight  of  roof  and  truss,  and 
735  and  1,470  due  to  snow;  hence  the  snow  loads  are  practi- 
cally, equal  to  one-half  of  the  permanent  dead  loads.  It  follows 
that  the  stress  in  any  member  due  to  snow  load  equals 
practically    one-half   of    the    stress    in  that  member    due  to  the 
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permanent  dead  load.  The  snow  load  stresses  in  this  case  can 
therefore  bo  obtained  from  the  permanent  load  stresses  and  no 
stress  diagram  for  snow  load  need  be  drawn. 

In  some  cases,  however,  the  apex  loads  due  to  snow  at  the 
various  joints  are  not  the  same  fractional  part  of  the  permanent 
load.  This  is  the  case  if  the  roof  is  not  all  of  the  same  slope, 
as  for  instance  in  Fig.  25  where  a  part  of  the  roof  is  flat. 
In  such  a  case  the  stresses  due  to  the  snow  load  cannot  be 
determined  from  a  stress  diagram  for   the  permanent  dead  load 


f'c'b' 


Fig.  28. 

but  a  separate  stress  diagram  for  the  snow  load  must  be  drawn. 
Such  diagrams  are  drawn  like  those  for  permanent  dead  load. 
29.  Analysis  for  Wind  Loads.  Stresses  due  to  wind  press- 
ure cannot  be  computed  fvom  permanent  load  stresses;  they  can 
be  most  easily  determined  by  means  of  a  stress  diagram.  Since 
wind  pressure  exists  only  on  one  side  of  a  truss  at  a  time,  the 
stresses  in  corresponding  members  on  the  right  and  left  sides  of  a 
truss  are  unequal  and  the  whole  stress  diagram  must  be  drawn  in 
analysis  for  "  wind  stresses."     Moreover,   where  one  end   of  the 
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truss  rests  on  rollers,  two  stress  diagrams  must  be  drawn  for  a 
complete  analysis,  one  for  wind  blowing  on  the  right  and  one  for 
wnnd  blowing  on  the  left  (see  Example  2  following). 

Examples.  1.  It  is  required  to  analyze  the  truss  of  Fig, 
16  for  wind  pressure,  the  distance  between  trusses  being  14  feet. 

The  apex  loads  for  this  case  are  computed  in  Example  3, 
Page  26,  to  be  as  represented  in  Fig.  28.  Supposing  both  ends 
of  the  truss  to  be  fastened  to  the  supports,  then  the  reactions  (due 
to  the  wind  alone)  are  parallel  to  the  wind  pressure  and  the  right 
and  left  reactions  equal  3,600  and  7,200  pounds  as  explained  in 
Example  2,  Page  57. 

To  draw  a  clockwise  polygon  for  the  loads  and  reactions,  we 
lay  off  BC,  CF,  and  FF'  to  represent  the  loads  at  joints  (1),  (2), 
and  (4)  respectively;  then  since  there  are  no  loads  at  joints  (5) 
and  (7)  we  mark  the  point  F'  by  C'  and  B'  also;  then  lay  off 
B'A  to  represent  the  reaction  at  the  right  end.  If  the  lengths 
are  laid  off  carefully,  AB  will  represent  the  reaction  at  the  left 
end  and  the  polygon  is  BCFF'C'B'AB. 

At  joint  (1)  there  are  four  forces,  the  reaction,  the  load,  and 
the  two  stresses.  AB  and  BC  represent  the  first  two  forces,  hence 
from  C  draw  a  line  parallel  to  cd  and  from  A  a  line  parallel  to  ad 
and  mark  their  intersection  D.  Then  ABCDA  is  the  polygon  for 
the  joint  and  CD  and  DA  represent  the  two  stresses.  The  former 
is  7,750  pounds  compression  and  the  latter  9,000  pounds  tension. 

At  Joint  (2)  there  are  four  forces,  the  stress  in  cd  (7,750 
pounds  compression),  the  load,  and  the  stresses  in  fe  and  ed.  As 
DC  and  CF  represent  the  stress  7,750  and  the  load,  from  F  draw 
a  line  parallel  to  y^  and  from  D  a  line  parallel  to  de^  and  mark 
their  intersection  E.  Then  DCFED  is  the  polygon  for  the  joint  and 
FE  and  ED  represent  the  stresses  infe  and  ed  respectively.  The 
former  is  7,750  pounds  and  the  latter  5,400,  both  compressive. 

At  joint  (3)  there  are  four  forces,  the  stresses  in  ad  (9,000 
pounds),  de  (5,400  pounds),  eg  and  ga.  AD  and  DE  represent 
the  first  two  stresses;  hence  from  E  draw  a  line  parallel  to  eg  and 
from  A  a  line  parallel  to  ag  and  mark  their  intersection  G.  Then 
ADEGA  is  the  polygon  for  the  joint  and  EG  and  GA  represent 
the  stresses  in  eg  and  ga  respectively  The  former  is  5,400  and 
the  latter  8,600  pounds,  both  tensile. 


178 


STATICS 


45 


At  joint  (4)  there  are  five  forces,  the  stresses  in  eg  (5,400 
pounds)  and  ef  (7,750  pounds),  the  load,  and  tlie  stresses  \nf'e  and 
eg.  GE,  EF  and  FF'  represent  the  first  three  forces;  hence  draw 
from  F'  a  line  parallel  to /'e'  and  from  G  a  line  parallel  to  e'g  and 
mark  their  intersection  E'.  (The  first  line  passes  through  G,  hence 
E'  falls  at  G).     Then  the  polygon  for  the  joint  is  GEFF'E'G,  and 

Sloolbs.  3100D3S. 


620o:t)s. 


3looltos 


'Tles-ctionx 


for  wind  right, 
6o5olbs. 


Rce>.ctiori    for  wind  left, 
955onos. 


(a.) 


Rea.ction  wind   left,378o  Itst       P 
••     right,  638o  "  1 


Stress  Dicgre^TO 
for  wind  right. 


Stress   Dia.gra.rn 
A  \  for  wind  left. 


CDP 


Fig.  29. 


F'E'   (6,250  pounds    compression)    represents    the  stress  \i\f'e'. 
Since  E'G  =  0,  the  wind  produces  no  stress  in  member  ge'. 

At  joint  (5)  three  members  are  connected  together  and  there 
is  no  load.     The  sides  of  the  polygon  for  the  joint  must  be  parallel 
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to  the  members  joined  there.  Since  two  of  those  members  are  in 
the  same  straight  line,  two  sides  of  the  polygon  will  be  parallel 
and  it  follows  as  a  consequence  that  the  third  side  must  be  zero. 
Hence  the  stress  in  the  member  e'd'  equals  zero  and  the  stresses 
in^V'  and  d'c'  are  equal.  This  result  may  be  explained  slightly 
differently:  Of  the  stresses  in  e'f^  e'd\  and  d'c'  we  know  the  first 
(G,250)  and  it  is  represented  by  ET'.  Hence  we  draw  from  F'  a 
line  parallel  to  c'd'  and  one  from  E'  parallel  to  d'e  and  mark  their 
intersection  D'.  Then  the  polygon  for  the  joint  is  E'FC'D'E,' 
CD'  (6,250  pounds  compression)  representing  the  stress  in  c'd'. 
Since  E'  and  D'  refer  to  the  same  point,  E'D'  scales  zero  and  there 
is  no  stress  in  e'd'. 

The  stress  in  ad'  can  be  determined  in  various  ways.  Since 
at  joint  (6)  there  are  but  two  forces  (the  stresses  in  ge'  and 
e'd'  being  zero),  the  two  forces  must  be  equal  and  opposite  to 
balance.  Hence  the  stress  in  d'a  is  a  tension  and  its  value  is 
3,600  pounds. 

2.  It  is  required  to  analyze  the  truss  represented  in  Fig. 
24  for  wind  pressure,  the  distance  between  trusses  being  15  feet. 

The  length  l3" equals  l/20'  +  14^  or 

VWr+mS  =  24.4  feet. 

Hence  the  area  sustaining  the  wind  pressure  to  be  borne  by  one 
truss  equals  24.4  X  15  =  866  square  feet. 

The  tangent  of  the  angle  which  the  roof  makes  with  the 
horizontal  equals  14  -f-  20  =  0.7;  hence  the  angle  is  practically 
35  degrees.  According  to  Art.  19,  the  wind  pressures  for  slopes 
of  30  and  40  degrees  are  32  and  36  pounds  per  square  foot; 
hence  for  35  degrees  it  is  34  pounds  per  square  foot.  The  total 
wind  pressure  equals,  therefore,  366  X  34  =  12,444,  or  practically 
12,400  pounds. 

The  apex  load  for 

joint  (2)  is  }4  of  12,400,  or  6,200  pounds, 
and  for  joints  (1)  and  (3),  }4  of  12,400,  or  3,100  pounds  (see  Fig.  29). 

When  the  wind  blows  from  the  right  the 

load  for  joint  (5)  is  6,200  pounds,  and 
for  joints  (3)  and  (6)  3,100  pounds. 
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If  the  left  end  of  the  truss  is  fastened  to  its  support  and 
the  right  rests  on  rollers*,  when  the  wind  blows  on  the  left  side 
the  right  and  left  reactions  equal  3,780  and  9,550  pounds  respec- 
tively and  act  as  shown.  When  the  wind  blows  on  the  right 
side,  the  right  and  left  reactions  equal  6,380  and  8,050  pounds 
and  act  as  shown.  The  computation  of  these  reactions  is  shown  in 
Example  1,  Page  58. 

For  the  wind  on  the  left  side,  OA,  AB,  and  BC  (Fig.  29b) 
represent  the  apex  loads  at  joints  (1),  (2)  and  (3)  respectively  and 
CE  and  EO  represent  the  riglit  and  left  reactions;  then  the  poly- 
gon (clockwise)  for  the  Toads  and  reactions  is  OABCDPEO.  The 
point  C  is  also  marked  D  and  P  because  there  are  no  loads  at 
joints  (5)  and  (0). 

The  polygon  for  joint  (1)  is  EOAFE,  AF  and  FE  represent- 
ing the  stresses  in  o/^andje  respectively.  The  values  are  recorded 
in  the  adjoining  table.  Th^  polygon  for  joint  (2)  is  FABGF, 
BG  and  GF  representing  the  stresses  in  h(/  and/*/.  The  polygon 
for  joint  (3)  is  GBCHG,  CIl  and  HG  representing  the  stresses  in 
ch  and  Ikj  respectively.  At  joint  (5)  there  is  no  load  and  two  of 
the  members  connected  there  are  in  the  same  line;  hence  there  is 
no  wind  stress  in  the  third  member  and  the  stresses  in  the  other 
two  members  are  equal.  The  point  H  is  therefore  also  marked  I 
to  make  HI  equal  to  zero.     The  polygon  for  joint  (5)  is  HCDIH. 

STRESS  RECORD. 


Member. 

Stress,  Wind  Left. 

Stress,  Wind  Eight. 

of 

-    8,850 

-  6,300 

fe 

+12,700 

-  2,a)0 

1^9 

-   5,600 

-6,300 

fg 

-   7,000 

0 

hg 

+  5,100 

+3,400 

hi 

0 

-7,000 

ch 

-   7,700 

-3,100 

ic 

+  6,100 

+4,400 

(H 

-   7,700 

-  7,500 

At  joint  (4)  there  are  four  forces,  all  known  except  the  one 
in  i.e.     EF,  FG,  and  GH  represent  the  first  three;  hence  the  line 


*  Rollers  to  allow  for  free  expansion  and  contraction  of  the  truss  would 
not  be  required  for  one  as  short  as  this.  They  are  not  used  generally  unless 
the  truss  is  55  feet  or  more  in  length. 
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joining  I  and  E  must  represent  the  stress  in  ie.  This  line,  if  the 
drawing  has  been  correctly  and  accurately  made,  is  parallel  to  ie. 

For  wind  on  right  side,  BC,  CD,and  DP  Fig.  29(<?)  represent 
the  loads  at  joints  (3),  (5)  and  (6)  respectively  and  PE  and  EB 
the  right  and  left  reactions;  then  BCDPEB  is  the  polygon  for  the 
loads  and  reactions.  The  point  B  is  also  marked  A  and  O  because 
there  are  no  loads  at  joints  (2)  and  (1), 

The  polygon  for  joint  (6)  is  DPEID,  EI  and  ID  representing 
the  stresses  in  ei  and  n/ respectively.  The  polygon  for  joint  (5)  is 
CDIHC,  IH,  and  HC  representing  the  stresses  in  ih  and  he  respect- 
ively. The  polygon  for  joint  (3)  is  BCHGB,  HG,  and  GB  repre- 
senting the  stresses  in  hg  and  gh  respectively.  The  polygon  for 
joint  (2)  is  BGFAB,  FA  representing  the  stress  in  fa,  and  since 
GF  equals  zero  there  is  no  stress  in  gf. 

At  joint  (1)  there  are  three  forces,  the  left  reaction,  AF  and 
the  stress  in  fe.     This  third  force  must  close  the  polygon,  so  we 


Fig    -50. 


join  F  and  E  and   this   line   represents   the  stress  in  fe. 
work  has  been  accurately  done,  FE  will  be  parallel  iofe. 


If  the 


EXAMPLE  FOR   PRACTICE. 

Analyze  the  truss  represented  in  Fig.  20  for  wind  pressure, 
the  distance  between  trusses  being  15  feet.  (See  Ex.  3,  Page  27, 
for  apex  loads.)  Assuming  both  ends  of  the  truss  fastened  to 
the  supports,  the  reactions  are  both  parallel  to  the  wind  pressure 
and  the  reaction  on  the  windward  side  equals  6,707  pounds  and 
the  other  equals  3,053  pounds. 
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Ana. 


Stress  Record  for  Wind  Left. 


Member. 

Stress. 

12 

-  8,600 

14 

+  8, GOO 

45 

+  8,600 

24 

0 

23 

-  .5,000 

25 

-  6,080 

35 

+  2,800 

36 

-  G,0>SO 

56 

0 

57 

+  4,200 

68 

-6,200 

67 

0 

78 

+  4,200 

V.     COMPOSITION  OF  NON-CONCURRENT  FORCES. 

30.  Graphical  Composition.  As  in  composition  of  concurrent 
systems,  we  first  compound  any  two  of  the  forces  by  means  of  the 
Triangle  Law  (Art.  9),  then  compound  the  resultant  of  these  two 
forces  with  the  third,  then  compound  the  resultant  of  the  first 
three  with  the  fourth  and  so  on  until  the  resultant  of  all  has  been 
found.  It  will  be  seen  in  the  illustration  that  the  actual  construc- 
tions are  not  quite  so  simple  as  for  concurrent  forces. 

Exami)Ze.  It  is  required  to  determine  the  resultant  of  the 
four  forces  (100, 80, 120,  and  60 pounds)  represented  in  Fig.  30  (a). 

If  we  take  the  100-  and  80-pound  forces  first,  and  from  any 
convenient  point  A  lay  off  AB  and  BC  to  represent  the  magni- 
tudes and  directions  of  those  forces,  then  according  to  the  triangle 
law  AC  represents  the  magnitude  and  direction  of  their  resultant 
and  its  line  of  action  is  parallel  to  AG  and  passes  through  the 
point  of  concurrence  of  the  two  forces.  This  line  of  action  should 
be  marked  ao  and  those  of  the  100-  and  80-pound  forces,  ah  and 
bo  respectively. 

If  we  take  the  120-pound  force  as  third,  lay  nff  CD  to  repre- 
sent the  magnitude  and  direction  of  that  force;  then  AD  represents 
the  magnitude  and  direction  of  the  resultant  of  AC  and  the  third 
force,  while  the  line  of  action  of  that  resultant  is  parallel  to  AD 
and  passes  through  the  point  of  concurrence  of  the  forces  AC  and 
CD.  That  line  of  action  should  be  marked  ad  and  that  of  the 
third  force  cd. 
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It  remains  to  compound  AD  and  the  remaining  one  of  the 
given  forces,  hence  we  hiy  off  DE  to  represent  the  magnitude  and 
direction  of  the  fourth  force;  then  AE  represents  the  magnitude 
and  direction  of  the  resultant  of  AD  and  the  fourth  force  (also  of 
the  four  given  forces).  The  line  of  action  of  the  resultant  is 
parallel  to  AE  and  passes  through  the  point  of  concurrence  of  the 
forces  AD  and  DE.  That  line  should  be  marked  ae  and  the  line 
of  action  of  the  fourth  face  de. 

It  is  now  plain  that  the  magnitude  and  direction  of  the  re- 
sultant is  found  exactly  as  in  the  case  of  concurrent  forces,  but 
finding  the  line  of  action  requires  an  extra  construction. 

31.  When  the  Forces  Are  Parallel  or  Nearly  5o,  the  method 
of  composition  explained  must  be  modified  slightly  because  there 
is  no  intersection  from  which  to  draw  the  line  of  action  of  the  re- 
sultant of  the  first  two  forces. 

To  make  such  an  intersection  available,  resolve  any  one  of 
the  given  forces  into  two  components  and  imagine  that  force  re- 
placed by  them;  then  find  the  resultant  of  those  components  and 
the  other  given  forces  by  the  methods  explained  in  the  preceding 
article.     Evidently  this  resultant  is  the  resultant  of  the  given  forces. 

Example.  It  is  required  to  find  the  resultant  of  the  four  paral- 
lel forces  (50,  30,  40,  and  GO  pounds)  represented  in  Fig.  31  [a). 

Choosing  the  30-pound  force  as  the  one  to  resolve,  lay  off  AB 
to  represent  the  magnitude  and  direct  on  of  that  force  and  mark 
its  line  of  action  ah.  Next  draw  linea  from  A  and  B  intersecting 
at  any  convenient  point  O;  then  as  explained  in  Art.  13,  AO  and 
OB  (direction  from  A  to  O  and  O  to  B)  represent  the  magnitudes 
and  directions  of  two  components  of  the  30-pound  force,  and  the 
lines  of  action  of  those  components  are  parallel  to  AO  and  OB  and 
must  intersect  on  the  line  of  action  of  that  force,  as  at  1.  Draw 
next  two  such  lines  and  mark  them  ao  and  ol)  respectively.  Now 
imagine  the  30-pound  force  replaced  by  its  two  components  and 
then  compound  them  with  the  50-,  40-  and  60-pound  forces. 

In  the  composition,  the  second  component  should  be  taken  as 
the  first  force  and  the  first  component  as  the  last.  Choosing  the 
50-pound  force  as  the  second,  lay  off  BC  to  represent  the  magni- 
tude and  direction  of  that  force  and  mark  the  line  of  action  Ic. 
Then  OC  (direction  O  to  C)  represents  the  magnitude  and  direc- 
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tion  of  the  resultant  of  OB  and  EC,  and  oc  (parallel  to  OC  and 
passing  tlirougli  the  point  of  concurrence  of  the  forces  OB  and 
BC)  is  the  line  of  action. 

Choosing  the  40-pound  force  next,  lay  off  CD  to  represent 
the  magnitude  and  direction  of  that  force  and  mark  its  line  of 
action  cd.  Then  OD  (direction  O  to  D)  represents  the  magnitude 
and  direction  of  the  resultant  of  OC  and  CD,  and  od  (parallel  to 
OD  and  passing  through  the  point  of  concurrence  of  the  forces  OC 
and  CD)  is  the  line  of  action  of  it. 

Next  lay  off  a  line  DE  representing  the  magnitude  and 
direction  of  the  60-pound  force  and  mark  the  line  of  action  de. 
Then  OE  (direction  O  to  E)  represents  the  magnitude  and  direc- 
tion of  the  resultant  of  OD  and  DE,  and  oe  (parallel  to  OE  and 


Sca>.le 
lin.=  loolb3. 


(bj 


Fig.  31. 


passing  through  the  point  of  concurrence  of  the  forces  OD  and 
DE)  is  the  line  of  action  of  it. 

It  remains  now  to  compound  the  last  resultant  (OE)  and  the 
first  component  (AO),  AE  represents  the  magnitude  and  direc- 
tion of  their  resultant,  and  ae  (parallel  to  AE  and  passing  through 
the  point  of  concurrence  of  the  forces  OE  and  AO)  is  the  line  of 
action. 

32.  Definitions  and  Rule  for  Composition.  The  point  O 
(Fig.  31)  is  called  a  jxAe,  and  the  lines  drawn  to  it  are  called 
rays.  The  lines  oa,  oh,  oc,  etc.,  are  called  strings  and  collectively 
they  are  called  a  string  2:>oly(jon.  The  string  parallel  to  the  ray 
drawn  to  the  beginning  of  the  force  polygon  (A)  is  called  the  first 
string,  and  the  one  parallel  to  the  ray  drawn  to  the  end  of  the 
force  polygon  is  called  the  last  string. 
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The  method  of  construction  may  now  be  described  as  follows: 

1.  Draw  a  force  polygon  for  the  given  forces.  The  line 
drawn  from  the  beginning  to  the  end  of  the  polygon  represents 
the  mao-nitude  and  direction  of  the  resultant. 

o 

2.  Select  a  pole,  draw  the  rays  and  then  the  string  polygon. 
The  line  throuo-h  the  intersection  of  the  first  and  last  strings 
parallel  to  the  direction  of  the  resultant  is  the  line  of  action  of  the 
resultant.  (In  constructing  the  string  polygon,  observe  carefully 
that  the  two  strings  intersecting  on  the  line  of  action  of  any  one 
of  the  given  forces  are  parallel  to  the  two  rays  which  are  drawn  to 
the  ends  of  the  line  representing  that  force  in  the  force  polygon.) 

EXAMPLES  FOR  PRACTICE. 

1.  Determine  the  resultant  of  the  50-,  70-,  80-  and  120- 
pound  forces  of  Fig.  5. 

.         \  200  pounds  acting  upwards  1,8  and  0.1  feet 
(  to  the  right  of  A  and  D  respectively. 


k- 

u 

3  lbs. 



-  a'-  -- 

5o 



.bs. 

;o     ; 

■ 

\ 

4-olbs.        3olbs. 


2olbs. 


Fig.  32. 


2.  Determine  the  resultant  of  the  40-,  10.,  30-  and  20- 
pound  forces  of  Fig.  32. 

.         (80  pounds   acting  down   1|^    feet  from    left 
I  end. 

33.  Algebraic  Composition.  The  algebraic  method  of  com- 
position is  best  adapted  to  parallel  forces  and  is  herein  explained 
only  for  that  case. 

If  the  plus  sign  is  given  to  the  forces  acting  in  one  direction, 
and  the  minus  sign  to  those  acting  in  the  opposite  direction,  the 
magnitude  and  sense  of  the  resultant  is  given  by  the  algebraic  sum 
of  the  forces;  the  magnitude  of  the  resultant  equals  the  value  of  the 
algebraic  sum;  the  direction  of  the  resultant  is  given  by  the  sign  of 
the  sum,  thus  the  resultant  acts  in  the  direction  which  has  been  called 
plus  or  minus  according  as  the  sign  of  the  sum  is  plus  or  minus. 
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If,  for  example,  we  call  up  plus  and  down  minus,  the  alge- 
braic sum  of  the  forces  represented  in  Fig.  32  is 

_  40  +  10  -  30  -  20  +  50  -  15  =  -  45; 

hence  the  resultant  equals  45  pounds  and  acts  downward. 

The  line  of  action  of  the  resultant  is  found  hj  means  of  the 
principle  of  moments  which  is  (as  explained  in  "  Strength  of 
Materials")  that  the  moment  of  the  residtant  of  anij  numljer  of 
forces  about  any  origin  equals  the  aVjeljralc  sum  of  the  inoments 
of  the  forces.  It  follows  from  the  principle  that  the  arm  of  the 
resultant  with  respect  to  any  origin  equals  the  quotient  of  the 
algebraic  sum  of  the  moments  of  the  forces  divided  by  the  result- 
ant; also  the  line  of  action  of  the  resultant  is  on  such  a  side  of  the 
orio-in  that  the  sio-u  of  the  moment  of  the  resultant  is  the  same 
as  that  of  the  algebraic  sum  of  the  moments  of  the  given  forces. 

For  example,  choosing  ()  as  origin  of  moments  in  Fig.  32, 
the  moments  of  the  forces  taking  them  in  their  order  from  left  to 
right  are 

_  40x5  =  -  200,  +  10X4  =+  40,  -  30  X  3  =  -  90, 
-20x1  =  -20,-50x2  =  -  100,    +  15x3=  +45.* 

Hence  the  algebraic  sum  equals 

-  200  +  40  -  90  -  20  -  100  +  45  =  -  325  foot-pounds. 

The  sign  of  the  sum  being  negative,  the  moment  of  the  resultant 
about  O  must  also  be  neo-ative,  and  since  the  resultant  acts  down, 
its  line  of  action  must  be  on  the  left  side  of  O.  Its  actual 
distance  from  O  equals 

??5  =  7  22  feet 
45 

EXAMPLES  FOR  PRACTICE. 

1.  Make  a  sketch  repiesenting  five  parallel  forces,  200,  150 
100,  225,  and  75  pounds,  all  acting  in  the  same  direction  and  2 
feet  apart.     Determine  their  resultant. 


*  The  student  is  reminded  that  when  a  force  tends  to  turn  the  body  on 
which  it  acts  in  the  clockwise  direction,  about  the  selected  origin,  its  moment 
is  a  given  a  plus  sign,  and  when  counter-clockwise,  a  minus  sign. 
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(  Resultant  =  750    pounds,   and  acts  in  the  same 

Ans.  "I  direction  as  tlie  given  forces  and  4.47  feet  to  the 

(  left  of  the  75 -pound  force. 

2.     Solve  the  preceding  example,   supposing  that  the  first 

three  forces  act  in  one  direction  and  the  last  two  in   the  opposite 

direction. 

(  Resultant  =  150  pounds,  and  acts  in  the  same 
Ans.  -|  direction  with  the  first  three  forces  and  10.3  feet 
(  to  the  left  of  the  75-pound  force. 
Ttvo  parallel yorces  acting  in  the  same  direction  can  be  com- 
pounded by  the  methods   explained    in    the  foregoing,  but  it  is 
sometimes  convenient  to  remember  that  the  resultant  equals  the 
sum  of  the  forces,  acts  in   the  same  direction  as  that  of  the  two 
forces  and  between  them  so  that  the  line  of  action  of  the  resultant 
divides  the  distance  between  the  forces  inversely  as  their  magni- 
tudes.     For    example,    let  Fj  and  F2  (Fig.  33)  be  two   parallel 
forces.     Then  if  R  denotes  the  resultant  and  a  and  Z»  its  distances 
to  Fj  and  F2  as  shown  in  the  figure, 

R  =  Fi  +  F2, 
and  a  :  I  :  :  ¥2  :  ^i. 

34.  Couples.  Two  parallel  forces  which  are  equal  and  act  in 
opposite  directions  are  called  a  couple.  The  forces  of  a  couple 
cannot  be  compounded,  that  is,  no  single  force  can  produce  the 
same  effect  as  a  couple.  The  perpendicular  distance  between  the 
lines  of  action  of  the  two  forces  is  called  the  arm,  and  the  product 
of  one  of  the  forces  and  the  arm  is  called  the  moment  of  the 
couple. 

A  plus  or  minus  sign  is  given  to  the  moment  of  a  couple 
according  as  the  couple  turns  or  tends  to  turn  the  body  on  which 
it  acts  in  the  clockwise  or  counter-clockwise  direction. 

VI.     EQUILIBRIUn  OF  NON=CONCURRENT   FORCES. 

35.  Conditions  of  Equilibrium  of  Non=Concurrent  Forces 
Not  Parallel  may  be  stated  in  various  ways;  let  us  consider  four. 
First: 

1.    The  algebraic,  sums  of  the  components  of  the  forces  along  each  of 
two  lines  at  right  angles  to  each  other  equal  zero. 
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The  algebraic  sum  of  the  moments  of  the  forces  about  any  origin 
equals  zero. 


Second ; 


1.  The  sum  of  the  components  of  the  forces  along  any  line  equals  zero, 

2.  The  sums  of  the  moments  of  the  forces  with  respect  to  each  of   two 

origins  equal  zero. 


Third: 


The  sums  of  the  moments  of  the  forces  with  respect  to  each  of  three 
origins  equals  zero. 

Fourth : 

1.  The  algebraic  sum  of  the  moments  of  the  forces  with  respect  to 

some  origin  equals  zero. 

2.  The  force  polygon  for  the  forces  closes. 

It  can  be  shown  that  if  any  one  of  the  foregoing  sets  of  conditions 
are  fulfilled  by  a  system,  its  resultant  equals  zero.  Hence  each  is 
called  a  set  of  conditions  of  equilibrium  for  a  non -concurrent  sys- 
tem of  forces  which  are  not  parallel. 

The  first  three  sets  are  ''  alg-ebraic"  and  the  last  is  "  mixed," 
(1)  of  the  fourth,  being  algebraic  and  (2)  graphical.  There  is  a 
set  of  graphical  conditions  also,  but  some  one  of  those  here  given 
is  usually  preferable  to  a  set  of  wholly  graphical  conditions. 

Like  the  conditions  of  equilibrium  for  concurrent  forces,  they 
are  used  to  answer  questions  arising  in  connection  with  concurrent 
systems  known  to  be  in  equilibrium.  Examples  may  be  found  in 
Art.  37. 

36.  Conditions  of  Equilibrium  for  Parallel  No  -Concurrent 
Forces.  Usually  the  most  convenient  set  of  conditions  to  use  is 
one  of  the  following: 

First: 

1.  The  algebraic  sum  of  the  forces  equals  zero,  and 

2.  The  algebraic  sum  of  the  moments  of  the  forces  about  some  origin 

equals  zero. 

Second : 

The  algebraic  sums  of  the  moments  of  the  forces  with  respect  to  each 
of  two  origins  equal  zero. 

37.  Determination  of  Reactions.  The  weight  of  a  truss,  its 
loads  and  the  supporting  forces  or  reactions  are  balanced  and  con- 
stitute  a  system  in  equilibrium.     After  the  loads  and  weight  are 
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ascertained,  the  reactions  can  be  determined  by  means  of  condi- 
tions of  equilibrium  stated  in  Arts.  35  and  3G. 

The  only  cases  which  can  be  taken  up  here  are  the  following 
common  ones:  (1)  The  truss  is  fastened  to  two  supports  and 
(2)  The  truss  is  fastened  to  one  support  and  simply  rests  on 
rollers  at  the  other. 

Case  (i)  Truss  Fastened  to  Both  Its  Supports.  If  the  loads 
are  all  vertical,  the  reactions  also  are  vertical.  If  the  loads  are 
not  vertical,  we  assume  that  the  reactions  are  parallel  to  the  result- 
ant of  the  loads. 

The  algebraic  is  usually  the  simplest  method  for  determining 
the  reactions  in,  this  case,  and  two  moment  equations  should  be 
used.  Just  as  when  finding  reactions  on  beams  we  first  take  mo- 
ments about  the  right  support  to  find  tlie  left  reaction  and  then 
about  the  left  support  to  find  the  right  reaction.  As  a  check  we 
add  the  reactions  to  see  if  their  sum  equals  the  resultant  load  as  it 
should. 

Examples.  1.  It  is  required  to  determine  the  reactions  on 
the  truss  represented  in  Fig.  20,  it  being  supported  at  its  ends  and 
sustaining  two  vertical  loads  of  1,800  and  600  pounds  as   shown. 

The  two  reactions  are  vertical;  hence  the  system  in 
equilibrium  consists  of  parallel  forces.  Since  the  algebraic  sum 
of  the  moments  of  all  the  forces  about  any  point  equals  zero,  to 
find  the  left  reaction  we  take  moments  about  the  right  end,  and  to 
find  the  right  reaction  we  take  moments  about  the  left  end.  Thus, 
if  Rj  and  R,  denote  the  left-  and  right-reactions  respectively,  then 
taking  moments  about  the  right  end, 

(R^X  24)  -  (1800  X  15)  -  (600  X  15)  =  0, 

or  24R,=  27,000  +  9,000  =:  36,000; 

hence  -"^1  =  — ^f] —  ~  1,500  pounds. 

Taking  moment  about  the  left  end, 

-  R,X  24  +  1,800  X  9  +  GOO  X  9--  0, 
or  24R,  =  16,200  +  5,400  ^  21,600; 

hence  ^i—  900  pounds. 
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As  a  check,  add  the  reactions  to  see  if  the  siun  equals  that  of 
the  loads  as  should  be  the  case.  (It  will  be  noticed  that  reactions 
on  trusses  and  beams  under  vertical  loads  are  determined  in  the 
same  manner.) 

2.  It  is  required  to  determine  the  reactions  on  the  truss  rep- 
resented in  Fig.  28  due  to  the  wind  pressures  shown  (2,700,  5,400 
and  2,700  pounds),  the  truss  being  fastened  to  both  its  supports. 

The  resultant  of  the  three  loads  is  evidently  a  single  force  of 
10,800  pounds,  acting  as  shown  in  Fig.  34.     The  reactions  are 


Fig.  34. 

parallel  to  this  resultant;  let  Kj  and  Itg  denote  the  left  and  right 
reactions  respectively. 

The  line  aho  is  drawn  through  the  point  7  and  perpendicular 
to  the  direction  of  the  wind  pressure;  hence  with  respect  to  the 
right  support  the  arms  of  R^  and  resultant  wind  pressure  are  ac 
and  5c,  and  with  respect  to  the  left  support,  the  arms  of  H^  and  the 
resultant  wind  pressure  are  ac  and  ah.  These  different  arms  can 
be  measured  from  a  scale  drawing  of  the  truss  or  be  computed  as 
follows:  The  angle  11a  equals  the  angle  417,  and  417  was  shown 
to  be  30  degrees  in  Example  3,  Page  26.     Hence 

al>  =  14  cos  30^,  Ic  =  28  cos  30=,  ac  =  42  cos  30°. 
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Since  the  algebraic  sums  of  the  moments  of  all  the  forces  acting 
on  the  truss  aboiit  the  right  and  left  supports  equal  zero, 

Kj  X  42  cos  30^  =  10,800  X  28  cos  30^ 
and  E2  X  42  cos  30^  =  10,800  X  14  cos  30°. 

From  the  first  equation, 

10,800  X  28       ^  .^^ 
Kj  =  -^ — 2o =  ^j200  pounds, 

and  from  the  second, 

10,800  X  14 
l\=  -T^ •  =  o,dOO  pounds. 

Adding  the  two  reactions  we  find  that  their  sum  equals  the  load  as 
it  shouldc 

Case  (2)  One  end  of  the  truss  rests  on  rollers  and  the  other 
is  fixed  to  its  support.  The  reaction  at  the  roller  end  is  always 
vertical,  but  the  direction  of  the  other  is  not  known  at  the  outset 
unless  the  loads  are  all  vertical,  in  which  case  both  reactions  are 
vertical. 

When  the  loads  are  not  all  vertical,  the  loads  and  the  reactions 
constitute  a  non-concurrent  non-parallel  system  and  any  one  of 
the  sets  of  conditions  of  equilibrium  stated  in  Art.  35  may  be 
used  for  determining  the  reactions.  In  general  the  fourth  set  is 
probably  the  simplest.  In  the  first  illustration  we  apply  the  four 
different  sets  for  comparison. 

Exmn].)le8.  1.  It  is  required  to  compute  the  reactions  on 
the  truss  represented  in  Fig.  29  due  to  the  wind  pressures  shown 
on  the  left  side  (3,100,  6,200  and  3,100 pounds),  the  truss  resting  on 
rollers  at  the  right  end  and  being  fastened  to  its  support  at  the  left. 

(«)  Let  Rj  and  II2  denote  the  left  and  right  reactions.  The 
direction  of  R,  (at  the  roller  end)  is  vertical,  but  the  direction  of 
Rj  is  unknown.  Imagine  R^  resolved  into  and  replaced  by  its 
horizontal  and  vertical  components  and  call  them  R/  and  R^" 
respectively  (see  Fig.  35.)  The  six  forces,  R^',  Rj",  Rg  and  the 
three  wind  pressures  are  in  equilibrium,  and  we  may  apply  any 
one  of  the  sets  of  statements  of  equilibrium  for  this  kind  of  a 
system  (see  Art.  35)  to  determine  the  reactions.  If  we  choose  to 
use  the  first  set  we  find, 
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resolving  forces  along  a  horizontal  line, 

-R/  +  3,100  cos  55°  +  6,200  cos  55°  +  3,100  cos  55°  =  0; 
resolvincr  forces  alongp  a  vertical  line, 

+  R;'  +  R,  -  3,100  cos  35°  -  6,200  cos  35°  -  3,100  cos  35°  =  0  ; 
taking  moments  about  the  left  end, 

+  6,200  X  12.2  +  3,100  X  24.4  -  R^  X  40  =  0. 
From  the  first     equation, 
Ri'=3,100cos55°  +  G,200  cos  55° +  3,100  cos  55°=7,113  pounds, 


Fig.  35.        ' 
and  from  the  third, 

6,200  X  12.2  +  3,100  X  24.4 


R., 


40 


3,782  pounds. 


Substituting  this  value  of  R3  in  the  second  equation  we  find  that 

R,  "  =3,100  cos  35°  +  6,200  cos  35°  +  3,100  co3  35°-  3,782 

=  10,156  -  3,782  =  6,374  pounds. 

If  desired,  the  reaction  Rj  can  now  be  found  by  compounding 
its  two  components  R/  apd  R/', 
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{h)     Using  the  second  set  of  conditions  of  equilibrium  stated 
in   Art,   35  we    obtain  the    following  three     "  equilibrium  equa- 
tions "  : 
As  in  (1),  resolving  forces  along  the  horizontal  gives 

-R/  +  3,100  cos  55"  +  6,200  cos  55^  +  3,100  cos  55°  =  0, 

and  taking  moments  about  the  left  end, 

6,200  X  12.2  +  3,100  X  24.4-^3  X  40  =  0. 

Taking  moments  about  the  right  end  gives 

Ri"  X  40  -  3,100  X  1^  -  6,200  xTB  -  3,100  x"^  =  0 

Just  as  in  («),  we  find  from  the  first  and  second  equations  the 
values  of  R,'  and  Ro-  To  find  R/'  we  need  values  of  the  arms 
«6,  66,  and  cb.     By  measurement  from  a  drawing  we  find  that 

«6  ^  32. 7, "Ml  ^  20.5,  and  dT^  8.3  feet. 

Substituting  these  values  in  the  third  equation  and  solving  for 
Rj"  we  find  that 

3,100x32.7  +  6,200x20.5  +  3,100x8.3      ^  ^^^ 
Rj    = jjj ■  =  b,do5  pounds. 

(c)     Using  the  third  set  of  conditions  of  equilibrium  stated 
in  Art.  35  we  obtain  the  following  three  equilibrium  equations  : 
As  in  (/>),  taking  moments  about  the  right  and  left  ends  we  get 

Ri"  X  40-3,100  X  32.7-6,200  X  20.5-3,100  X  8.3  =  0, 

and         -R3  X  40  +  6,200  X  12.2  + 3,100  X  24.4  =  0. 

Choosing  the  peak  of  the  truss  as  the  origin  of  moments  for  the 
third  equation  we  find  that 

R/  X  14  +  Ri"  X  20-  3,100  X  24.4-6,200  X  12.2  -  R3  X  20  =  0. 

As  in  (J)  we  find  from  the  first  two  equations  the  values  of  R/'  and 
R2.     These  values  substituted  in  the  third  equation  change  it  to 

R;  X  14  +  6,373  X  20  -  3,100  X  24.4  -  6,200  X  12.2  -  3,782  X 

20  =  0 
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or 


0.373  X  20  +  3,100  X  24.4  +  6,200  X  12.2  +  3,782  X  20 


14 


7,104.* 


id)  When  using  the  fourth  set  of  conditions  we  always 
determine  the  reaction  at  the  roller  end  from  the  moment  equa- 
tion. Then,  knowing  the  value  of  this  reaction,  draw  the  force 
polyo-on  for  all  the  loads  and  reactions  aud  thus  determine  the 
magnitude  and  direction  of  the  other  reaction. 

Taking  moments  about  the  left  end,  we  find  as  in(«),(Z'),and 


Fig.  36. 


Fig.  37. 


(c)  that  E2  =  3,782.  Then  draw  AB,  BC  and  CD  (Fig.  36)  to 
represent  the  wind  loads,  and  DE  to  represent  Il2-  Since  the  force 
polygon  for  all  the  forces  must  close,  EA  represents  the  magni- 
tude and  direction  of  the  left  reaction;  it  scales  9,550  pounds, 

2.  It  is  required  to  determine  the  reactions  on  the  truss  of 
the  preceding  illustration  when  the  wind  blows  from  the  right. 

The  methods  employed  in  the  preceding  illustration  might  be 
used  here,  but  we  explain  another  which  is  very  simple.  The 
truss  and  its  loads  are  represented  in  Fig.  37.  Evidently  the 
resultant  of  the  three  wind  loads  equals  12,400  pounds  and  acts  in 
the  same  line  with  the  6,200-pound  load.  If  we  imagine  this 
resultant  to  replace  the  three  loads  we  may  regard  the  truss  acted 
upon  by  three  forces,  the  12,400-pound  force  and  the  reactions, 
and  these  three  forces  as  in  equilibrium.     Now  when  three  forces 


*  The  slight  differences  in  the  answers  obtained  from  the  different  sets 
of  equihbrium  equations  are  due  to  inaccuracies  in  the  measured  arms  of 
some  of  the  forces. 
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are  in  equilibrium  they  must  be  concurrent  or  parallel,  and  since 
the  resultant  load  (12,400  pounds)  and  Ro  intersect  at  O,  the  line 
of  action  of  Hj  must  also  pass  through  O.  Hence  the  left 
reaction  acts  through  the  left  support  and  O  as  shown.  "We  are 
now  ready  to  determine  the  values  of  Rj  and  Rg.  Lay  off  AB  to 
represent  the  resultant  load,  then  from  A  and  B  draw  lines 
parallel  to  R^  and  R2,  and  mark  their  intersection  C.  Then  EC 
and  CA  represent  the  magnitude  and  directions  of  R^  and  R 
respectively;  thvj  scale  6,880  and  8,050  pounds. 


F' 


Fig.  38. 

EXAMPLE  FOR  PRACTICE. 

1.     Determine  the  reactions  on  the  truss  represented  in  Fig.  26 

due  to  wind  pressure,  the  distance  between  trusses  being  15  feet, 

supposing  that  both  ends  of  the  truss  are  fastened  to  the  supports. 

.  {  Reaction  at  windward  end  is  6,682^  pounds. 

(  Reaction  at  leewird  end       is  3,037^  pounds. 

VII.     ANALYSIS    OF  TRUSSES    (CONTINUED) ;    METHOD  OF 

SECTIONS. 

38.  Forces  in  Tension  and  Compression  flembers.     As  ex- 

plained  in  "  Strength  of  Materials  "  if  a  member  is  subjected  to 
forces,  any  two  adjacent  parts  of  it  exert  forces  upon  each  other 
which  hold  the  parts  together.  Figs.  38  (a)  and  38  (h)  show  how 
these  forcc^  act  in  a  tension  and  in  a  compression  member.  F'  is 
the  force  exerted  on  the  left  part  by  the  right,  and  F"  that  exerted 
on  the  right  part  by  the  left.  The  two  forces  F'  and  F"  are  equal, 
and  in  a  tension  member  are  pulls  while  in  a  compression  member 
they  are  pushes. 

39.  Method  of  Sections.  To  determine  the  stress  in  a  mem- 
ber of  a  truss  by  the  method  explained  in  the  foregoing  (the 
"  method  of  joints  "),  we  begin  at  one  end  of  the  truss  and  draw 
polygons  for  joints  from  that  end  until  we  reach  one  of  the  joints 
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to  which  that  member  is  connected.  If  the  member  is  near  the 
middle  of  a  long  truss,  such  a  method  of  determining  the  stress 
in  it  requires  the  construction  of  several  polygons.  It  is  some- 
times desirable  to  determine  the  stress  in  a  member  as  directly  as 
possible  without  having  first  determined  stresses  in  other  members. 
A  method  for  doing  this  will  now  be  explained  ;  it  is  called  the 
method  of  sections. 

Fig.  39  (a)  is  a  partial  copy  of  Fig.  16.  The  line  LL  is  in- 
tended to  indicate  a  "  section  "  of  the  trus3  "cutting"  members 
24,  84  and  36.  Fig.  39  (/>)  and  (c)  represents  the  parts  of  the  truss 
to  the  left  and  right  of  the  section.  By  "part  of  a  truss"  we 
mean  either  of  the  two  portions  into  which  a  section  separates  it 
when  it  cuts  it  completely. 


Fig.  39. 

Since  each  part  of  the  truss  is  at  rest,  all  the  forces  acting  on 
each  part  are  balanced,  or  in  equilibrium.  The  forces  acting  on 
each  part  consist  of  the  loads  and  reactions  applied  to  that  part  to- 
gether with  the  forces  exerted  upon  it  by  the  other  part.  Thus  the 
forces  which  hold  the  part  in  Fig.  39  (/>)  at  rest  are  the  1,500- 
and  3,000-pound  loads,  the  reaction  6,000  and  the  forces  which 
the  right  part  of  the  cut  members  exert  upon  the  left  parts.  These 
latter  forces  are  marked  F/,  Fg'  and  F3' ;  their  senses  are  unknown. 
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but  each  acts  along  the  axis  of  the  corresponding  member.  The 
forces  which  hold  the  part  in  Fig.  39  (c)  at  rest  are  the  two  3,000- 
pound  loads,  the  1,500-pound  load,  the  right  reaction  6,000 
pounds  and  the  forces  which  the  left  parts  of  the  cut  members 
exert  upon  the  right  parts.  These  are  marked  F/',  F/'  and  Fg"; 
their  senses  are  also  unknown  but  each  acts  along  the  axis  of  the 
corresponding  member.  The  forces  F/  and  F/',  F/  and  F/,  and 
F3'  and  F3"  are  equal  and  opposite;  they  are  designated  differently 
only  for  convenience. 

If,  in  the  system  of  forces  acting  on  either  part  of  the  truss, 
there  are  not  more  than  three  unknown  forces,  then  those  three  can 
be  computed  by  "applying"  one  of  the  sets  of  the  conditions  of 
equilibrium  stated  in  Ai'f.  35.*  In  writing  the  equations  of 
equilibrium  for  the  system  it  is  practially  necessary'  to  assume  a 
sense  for  one  or  more  of  the  unknown  forces.  We  shall  alivays 
]2oooibs.  assume   that   such   forces    are 

' 7®     pulls     that     is,      act      away 

/  from    the    part    of    the    truss 

/  upon  which  they   are  exerted. 

/F-  Then   if   the   computed   value 

/  of   a  force  is  plus,   the  force 

is    really     a    pull     and    the 

Ix.       member  is  in  tension   and  if 

the  value  is  minus,   then  the 

Y\a;  40.  force  is  really  a  push  and  the 

member  is  in  compression. 

To  determine  the  stress  in   any  particular  member  of  a  truss 

in  accordance  with   the   foregoing,   "pass  a   section"  through  the 

truss  cutting  the  member  under  consideration,  and  then  apply  as 

many  conditions  of  equilibrium  to  all  the  forces  acting  on  either 

part  of  the  truss  as  may  be  necessary  to  determine  the  desired  force. 

In  passing  the  section,  care  should  be  taken  to  cut  as  few  members 

as  possible,  and  never  should  a  section  be  passed  so  as  to  cut  more 

than  three,  the  stresses  in  which  are  unknown;  neither  should  the 

three  be  such  that  they  intersect  in  a  point. 


5  00  lbs. 


*If,  however,  the  lines  of  action  of  the  three  forces  intersect  in  a  point  then 
the  statement  is  not  true. 
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Examples.  1.  It  is  required  to  determine  the  amount  and 
kind  of  stress  in  the  member  24  of  the  truss  represented  in  Fig. 
39  (a)  when  loaded  as  shown. 

Having  determined  the  reactions  (G,000  pounds  each)  we  pass 
a  section  through  the  entire  truss  and  cutting  24;  LL  is  such  a 
section.  Considering  the  part  of  the  truss  to  the  left  of  the 
section,  the  forces  acting  upon  that  part  are  the  two  loads,  the  left 
reaction  and  the  forces  on  the  cut  ends  of  members  24,  34  and  36 
(F/,  F/,  and  F3').  F/  can  be  determined  most  simply  by  writing 
a  moment  equation  using  (3)  as  the  origin,  for  with  respect  to 
that  origin  the  moments  of  F2'  and  F3'  are  zero,  and  hence  those 
forces  will  not  appear  in  the  equation.  ]\Ieasuring  from  a  large 
scale  drawing,  we  find  that  the  arm  of  F/  is  7  feet  and  that  of 
the  3,000-pound  load  is  3.5  feet.     Hence 

(F/  X  7)+(6,000  X  14)-(l,rj00  X  14)- (3,000  X  3.5)=  0 
„  ,  _  -  (6,000  X  14)  +  (1,500  X  14)  +  (3,000  X  3.5)  _       _  ,„„ 

01    x* ,    —  _     — ""^ ■ —         /  ,OUU 

1  y 

The  minus  sign  means  that  F/  is  a  push  and  not  a  pull,  hence  the 
member  24  is  under  7,500  pounds  compression. 

The  stress  in  the  member  24  may  be  computed  from  the 
part  of  the  truss  to  the  right  of  the  section.  Fig.  39  (c)  repre- 
sents that  part  and  all  the  forces  applied  to  it.  To  determine 
F/'  we  take  moments  about  the  intersection  of  F/'  and  F3". 
Measuring  from  a  drawing  we  find  that  the  arm  of  F^"  is  7  feet, 

that  of  the  load  at  joint  (4)  is  7  feet, 

that  of  the  load  at  joint  (5)  is  17 . 5  feet, 

that  of  the  load  at  joint  (7)  is  28  feet, 

and  that  of  the  reaction  is  28  feet. 
Hence,  assuming  F/'  to  be  a  pull, 

— (F/'  X  7) +  (3,000  X  7) +  (3,000  X  17.5) +  (1,500  X  28)— (6,000 

X  28)  =  0, 

^  „       (3,000  X  7)+  (3,000  X  17.5)  +  (1,500  X  28)  -  (6,000  X28) 
or  J^^     = ;^ — 

=  —  7,500 

The  minus  sign  means  that  F/'  is  a  push,  hence  the  member 
24  is  under  compression  of  7,500  pounds,  a  result  agreeing  with 
that  previously  found. 
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2.  It  is  required  to  find  the  stress  in  tlie  member  gh,  of  the 
truss  represented  in  Fig.  25,  due  to  the  loads  shown. 

If  we  pass  a  section  cutting  hj^  gh  and  he,  and  consider  the 
left  part,  we  get  Fig.  40,  the  forces  on  that  part  being  the  2,000- 
pound  load,  the  left  reaction,  and  the  forces  Fj,  F2  and  F3  exerted 
by  the  right  part  on  the  left.     To  compute  F2  it  is  simplest  to 

use  th  e  condition  that  the  algebraic  sum 
of  all  the  vertical  components  equals  zero. 
Thus,  assuming  that  F2  is  a  pull,  and 
since  its  angle  with  the  vertical  is  30", 


2000 


F^  cos  30° 


F„  = 


2,000  +  3,000  =  0;  or, 
2,000  -  3,000      - 1,000 


cos  30= 


0.866 


=  -1,154. 


3000  lbs. 


Fig.  41. 


The  minus  sign  means  that  F2  is  a  push, 
hence  the  member  is  under  a  compression 
of  1,154  pounds. 
3.     It  is  required  to  determine  the  stress  in  the  member  bg 

of  the  truss  represented  in  Fig.  25,  due  to  the  loads  shown. 

If  we  pass  a  section  cutting  hg  as  in  the  preceding  illustra- 

tion,  and  consider  the  left  part,  we  get    Fig.    40.     To  compute 

Fj  it  is  simplest  to  write  the  moment  equa- 
tion for  all  the  forces  using  joint  5  as 

origin.     From  a  large  scale  drawing,  we 

measure  the  arm  of  F^  to  be  13.86  feet 

hence,  assuming  F^  to  be  a  pull, 

FiXl3.86-2,000x8  +  3,000  X  lG  =  0;(ij^_ 

^'     2,000x8-3,000x16      -32,000    |4ooolbs. 
Fi  = 


13.86 


Fig.  42. 


~     13.86 
=  -  2,309. 
The  minus   sign  means  that  F^   is  a  push;  hence  the  member  is 
under  a  compression  of  2,308  pounds. 

The  section  might  have  been  passed  so  as  to  cut  members  %, 
fg^  and/d,  giving  Fig.  41  as  the  left  part,  and  the  desired  force 
might  be  obtained  from  the  system  of  forces  acting  on  that  part 
(3,000,  2,000,  Fi,  Fo,  and  Fg.)  To  compute  Fj  we  take  momente 
about  the  intersection  of  F2  and  Fg,  thus 
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Fj  X  13.SG  -  2,000  X  8  +  3,000  X  10  =  0. 

This  13  the  same  equation  as  was  obtained  in  the  first  solution, 
and  hence  leads  to  the  same  result. 

4.  It  is  required  to  determine  the  stress  in  the  member  12 
of  the  truss  represented  in  Fig.  20,  due  to  the -loads  shown. 

Passincr  a  section  cutting;  members  12  and  li.  and  consider- 
ing  the  left  part,  we  get  Fig.  42.  To  determine  Fj  we  may  write 
a  moment  equation  preferably  with  origin  at  joint  4,  thus: 

Fj  X  4.47  +  4,000  X  10  ==  0*; 

4,000  X  10 


or. 


Fi  = 


4.4- 


r=  _  S,94S  poimds. 


the  minus  sign  meaning  that  the  stress  is  compressive. 

Fj  might  be  determined  also  by  writing  the  algebraic  sum  of 


Fiff.  43. 


the  vertical  components  of  all  the  forces  on  the  left  part  equal  to 
zero,  thus: 

Fj  sin  2G"  34'  +  4,000  =  0; 
-  4,000  -  4,000 


or 


Fi 


-  8,948, 


sin  2(1^  34'  ""     0.447 
agreeing  with  the  first  result. 

EXAMPLES  FOR  PRACTICE. 

1.  Determine  by  the  method  of  sections  the  stresses  in  mem- 
bers 23,  25,  and  45  of  the  truss  represented  in  Fig.  26,  due  to  the 
loads  shown. 

(  Stress  in  23  =  -  5,000  pounds, 
Ans.  -^  Stress  in  25  =  —  3,350  pounds. 
Stress  in  45  =  +  8,000  pounds 


*  The  arm  of  Fi  with  respect  to  (4)  is  4.47  feet. 
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2.     Determine  the  stresses  in  the  members  12, 15,  84,  and  56 
of  the  truss  represented  in  Fig.  27,  due  to  the  loads  shown. 

(  Stress  in  12  =-  11,170  pounds, 

Stress  in  15  =  +  10,000  pounds, 
I  Stress  in  84  =  -  8,940  pounds, 
I  Stress  in  56  =  +  6,000  pounds. 


Ans. 


d.(i) 


40.  Complete  Analysis 
of  a  Fink  Truss.  As  a  final 
illustration  of  analysis,  we 
shall  determine  the  stresses 
in  the  members  of  the  truss 
represented  in  Fig.  43,  due  to 
permanent,  snow,  and  wind 
loads.  This  is  a  very  com- 
mon type  of  truss,  and  is 
usually  called  a  "  Fink  "  or 
"French"  truss.  The  trusses 
are  assumed  to  be  15  feet 
apart;  and  the  roof  covering, 
including  purlins,  such  that  it 
weighs  12  pounds  per  square 
foot. 

The  length  from  one  end 
to  the  peak  of  the  truss  equals 


1/15^  +  30^  =  1/1,125  =  33.54  feet, 
hence  the  area  of  the  roofing  sustained  by  one  truss  equals 

(33.54  X  15)  2  =  1,006.2  square  feet, 
and  the  weight  of  that  portion  of  the  roof  equals 
1,006.2  X  12  =  12,074  pounds. 
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The  probable  weight  of  the  truss  (steel),  according  to  the  formula 
of  Art.  19,  is 

15  X  60  (-^H-  1)=  3,060  pounds. 

The  total  permanent  load,  therefore,  equals 

12,074  +  8,060  =  15,134  pounds; 

the  end  loads  equal  j\  of  the  total,  or  950  pounds,  and  the  other 
apex  loads  equal  ^  of  the  total,  or  1,900  pounds. 

Dead  Load  5tress.  To  determine  the  dead  load  stresses, 
construct  a  stress  diagram.  Evidently  each  reaction  equals  one-half 
the  total  load,  that  is  7,000  pounds;  therefore  ABCDEFGHIJKA 
(Fig.  44^)  is  a  polygon  for  all  the  loads  and  reactions.  First,  we 
draw  the  polygon  for  joint  1;  it  is  KABLK,  BL  and  LK  repre- 
senting the  stress  in  II  and  Ik  (see  record  Page  72  for  values). 
Next  draw  the  polygon  for  joint  2;  it  is  LBCML,  CM  and  ML 
representing  the  stresses  in  c))i  and  inl.  Next  draw  the  polygon 
for  joint  8;  it  is  KLMNK,  MN  and  NK  representing  the  stresses 
in  m/i  and  ///.'. 

At  each  of  the  next  joints  (4  and  5),  there  are  three  unknown 
forces,  and  the  polygon  for  neither  joint  can  be  drawn.  We  might 
draw  the  polygons  for  the  joints  on  the  right  side  corresponding 
to  1,  2,  and  3,  but  no  more  until  the  stress  in  one  of  certain  mem- 
bers is  first  determined  otherwise.  If,  for  instance,  we  determine 
by  other  methods  the  stress  in  rl\  then  we  may  construct  the  poly- 
gon for  joint  4;  then  for  5,  etc.,  without  further  difficulty. 

To  determine  the  stress  in  rk,  we  pass  a  section  cutting  rk^ 
qr,  and  eq,  and  consider  the  left  part  (see  Fig.  44c').  The  arms 
of  the  loads  with  respect  to  joint  8  are  7.5,  15,  22.5,  and  30  feet; 
and  hence,  assuming  Fj  to  be  a  pull, 

-Fi  X  15-1,900  X  7.5-1,900  X  15-1,900  X  22.5-950x30 
+  7,600  X  30  =  0;  or, 

-1,900x7.5-1,900x15-1,900x22.5-950x30+7,600x30 
Fi-- j5 

=  7,600  pounds 

Since  the  sign  of  Fj  is  plus,  the  stress  in  rk  is  tensile. 
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Now  lay  off  KR  to  represent  the  value  of  the  stress  in  Jci 
jnst  found,  and  then  construct  the  polygon  for  joint  4.  The  poly- 
gon i3  KNOKK,  KO  and  Oil  representing  the  stresses  in  no  and 
or.  Next  draw  the  polygon  for  joint  5;  it  is  ONMCDPO,  DP 
and  PO  representing  the  stresses  in  dp  and  jjo.      Next  draw  the 


11^=4566  lb8. 


FGHIJ 


polygon  for  joint  6  or  joint  7;  for  6  it  is  PDEQP,  EQ  and  QP 
representing  the  stresses  in  eq  and  qp.  At  joint  7  there  is  now 
but  one  unknown  force,  namely,  that  in  qr.  The  polygon  for  the 
three  others  at  that  joint  is  ROPQ;  and  since  the  unknown  force 
must  close  the  polygon,  QR  must  represent  that  force,  and  must 
be  parallel  to  qr. 
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On  account  of  the  symmetry  of  loading,  the  stress  in  any 
member  on  the  right  side  is  just  like  that  in  the  corresponding 
member  on  the  left;  hence,  it  is  not  necessary  to  draw  the  diaoram 
for  the  right  half  of  the  truss. 

Snow=Load  Stress.  The  area  of  horizontal  projection  of  the 
roof  which  is  Bupported  by  one  truss  is  (50  X  15  ==  900  square 
feet;  hence  the  snow  load  borne  by  one  truss  is  900  X  20  =  18,000 
pounds,  assuming  a  snow  load  of  20  pounds  per  horizontal 
square  foot.  This  load  is  nearly  1.2  times  the  dead  load,  and 
is  applied  similarly  to  the  latter;  hence  the  snow  load  stress  in 
any  member  equals  1.2  times  the  dead  load  stress  in  it.  We 
record,  therefore,  in  the  third  column  of  the  stress  record,  numbers 
equal  to  1.2  times  those  in  the  second  as  the  snow-load  stresses. 

Wind  Load  Stress.  The  tanoent  of  the  ano-le  which  the 
roof  makes  with  the  horizontal  equals  -g^|-  or  -1;  hence  the  ano-le  is 
2G°  34z',  and  the  value  of  wind  pressure  for  the  roof  equals 
practically  29  pound  s  per  square  foot,  according  to  Art.  19.  As  pre- 
viously explained,  the  area  of  the  roof  sustained  by  one  truss  equals 
1,006.2  square  feet;  and  since  but  one-half  of  this  receives  wind 
pressure  at  one  time,  the  wind  pressure  borne  by  one  truss  equals 

503.1  X  29  =  14,589.9,  or  practically  14,600  pounds. 

When  the  wind  blows  from  the  left,  the  apex  loads  are  as 
represented  in  Fig.  45'^,  and  the  resultant  wind  pressure  acts 
through  joint  5.  To  compute  the  reactions,  we  may  imagine  the 
separate  wind  pressures  replaced  by  their  resultant.  We  shall 
suppose  that  both  ends  of  the  truss  are  fixed;  then  the  reactions 
will  be  parallel  to  the  wind  pressure.  Let  Rj  and  R,  denote  the 
left  and  right  reactions  respectively;  then,  with  respect  to  the 
light  end,  the  arms  of  Rj  and  the  resultant  wind  pressure  (as  may 
be  scaled  from  a  drawing)  are  16.77  +  36.89  and  86.89  feet 
respectively;  and  with  respect  to  the  left  end,  the  arms  of  Ro  and 
the  resultant  wind  pressure  are  16.77  +  36,89  and  16.77  feet 
respectively. 
Taking  moments  about  the  right  en  1  we  find  that 

-  14,600  X  36.89  +  R,X  (16.77  +  36.89) .-  0; 

-,   14,600  X  36.89   ^^^ 
or,        Ri=  16.77  +  36.89  ="  "^^'^^^  pounds. 
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Taking  moments  about  the  left  end,  we  find  that 

14,600  X  16.77  -  R,x  (16.77  +  36.89)  =  0  ; 
14,600X16.77 


or 


K= 


4,565  pounds. 


16.77  +  36.89 

To  determine  the  stresses  in  the  members,  we  construct  a 
stress  diagram.  In  Fig.  45i,  AB,  BC,  CD,  DE,  and  EF  represent 
the  wind  loads  at  the  successive  joints,  beginning  with  joint  1. 
The  point  F  is  also  marked  G,  II,  I,  and  J,  to  indicate  the  fact 
that  there  are  no  loads  at  joints  9,  10,  11,  and  12.  JK  represents 
the  right  reaction,  and  KA  the  left  reaction. 

We  may  draw  the  polygon  for  joint  1  or  12;  for  1  it  is 
KABLK,  BL  and  LK  representing  the  stresses  in  l>l  and  Ik.  "We 
may  next  draw  the  polygon  for  joint  2;  it  is  LBCML,  CM  and 
ML  representing  the  stresses  in  cm  and  ml . 

Stress  Record. 


MEMBER. 

STRESSES. 

Dead  Load. 

Snow  Load. 

Wind  Left. 

Wind  Right. 

Resultant. 

Resultant. 

hi 

- 14,700 

- 17,600 

-  16.400 

0 

-  48,700 

-32,300 

€7)1 

- 13,700 

- 16,400 

- 15,900 

0 

-46,000 

-30,100 

dp 

-  12,6fX) 

- 15,100 

- 15,400 

0 

-  43,100 

-28,000 

eq 

- 11,600 

- 13,900 

- 14,900 

0 

-  40,400 

-26,500 

Im 

-   1,650 

-   2,000 

-  3,700 

0 

-   7,350 

-   5,350 

mn 

+  1,650 

+  2,000 

+  3,700 

0 

+  7,350 

+  5,350 

no 

-  3,300 

-   4,000 

-   7,400 

0 

- 14,700 

- 10,700 

op 

+  1,850 

+  2,200 

+  4,100 

0 

+  8,150 

+  5,950 

pq 

-   1,650 

-  2,000 

-  3,700 

0 

-   7,350 

-   5,350 

rq 

+  5,000 

+  6,000 

+11,000 

0 

+22,000 

+16,000 

ro 

+  3,400 

+  4,100 

+  7,400 

0 

+14,900 

+10,800 

kl 

+13,300 

+16,000 

+18,300 

+  6,100 

+47,600 

+31,600 

kn 

+11,300 

+13,600 

+14,200 

+  6,100 

+39,100 

+25,500 

kr 

+  8,000 

+  9,600 

+  6,100 

+  6,100 

+23,700 

+17,600 

kv 

+11,300 

+13,600 

+  6,100 

+14,200 

+39,100 

+25,500 

kx 

+13,300 

+16,000 

+  6,100 

+18,300 

+47,600 

+31,600 

ric 

+  3,400 

+  4,100 

0 

+  7,400 

+14,900 

+10,800 

rs 

+  5,000 

+  6,000 

0 

+11,000 

+22,000 

+16,000 

St 

-    1,650 

-  2,000 

0 

+  3,700 

-    7,350 

-   5,350 

tu 

+  1,850 

+  2,200 

0 

+  4,100 

+  8,150 

+  5,950 

uv 

-  3,300 

-   4,000 

0 

-   7,400 

- 14,700 

- 10,700 

vw 

+  1,650 

+  2,000 

0 

-  3,700 

+  7,350 

+  5,350 

IVX 

-   1,650 

-   2,000 

0 

-   3,700 

-   7,350 

-  5,350 

fs 

-11,600 

- 13,900 

0 

- 14,90(3 

-  40,400 

-26,500 

gt 

-12,600 

- 15,100 

0 

- 15.400 

-  43,100 

-28,000 

hw 

- 13,700 

- 16,400 

0 

- 15,900 

-  46,000 

-30,100 

ix 

- 14,700 

- 17,600 

0 

- 16,400 

-  48,700 

-32,300 
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"We  may  draw  next  the  polygon  for  joint  3  ;  it  is  KLMNK,  WN 
and  N  K  representing  the  stresses  in  jjui  and  al'.  No  polygon  for  a 
joint  on  the  left  side  can  now  be  drawn,  but  we  may  begin  at  the 
right  end.  For  joint  12  the  polygon  is  JKXIJ,  KX  and  XI 
representing  the  stresses  in  Ix  and  a?/. 

At  joint  11  there  are  three  forces  ;  and  since  they  are^ 
balanced,  and  two  act  along  the  same  line,  those  two  must  be  equal 
and  opposite,  and  the  third  must  equal  zero.  Hence  the  point  X 
is  also  marked  W  to  indicate  the  fact  that  XW,  or  the  stress  in 
xtv,  is  zero.  Then,  too,  the  diagram  shows  that  "WH  equals  XI. 
Having  just  shown  that  there  is  no  stress  in  sew,  there  are  but 
three  forces  at  joint  13.  Since  two  of  these  act  along  the  same 
line,  they  must  be  equal  and  opposite,  and  the  third  zero.  There- 
fore the  point  W  is  also  marked  Y  to  indicate  the  fact  that  WV, 
or  the  stress  in  vu_\  equals  zero.  The  diagram  shows  also  that  VK 
equals  XK.  This  same  argument  applied  to  joints  9,  15,  10,  and 
14  successively,  shows  that  the  stresses  in  sf,  tu,  vv,  ur,  and 
s/'  respectively  equal  zero.  For  this  reason  the  point  X  is  also 
marked  UTS  and  R.  It  is  plain,  also,  that  the  stresses  in  sf  and 
tg  equal  those  in  wh  and  sci,  and  that  the  stress  in  Jii'  equals  that 
in  kv  or  Ix.  Rememberino;  that  we  are  discussing  stress  due  to 
wind  pressure  only,  it  is  plain,  so  far  as  wind  pressure  goes,  that 
the  intermediate  members  on  the  right  side  are  superfluous. 

We  may  now  resume  the  construction  of  the  polygons  for  the 
joints  on  the  left  side.  At  joint  4,  we  know  the  forces  in  the 
members  I'n  and  Xv;  hence  there  are  only  two  unknown  forces 
there.  The  polygon  for  the  joint  is  KNORK,  NO  and  OR  repre- 
senting the  stresses  in  no  and  or.  The  polygon  for  joint  5  may 
be  drawn  next  ;  it  is  ONMCDPO,  DP  and  PO  representing  the 
stresses  in  Jj)  and  j/x^).  The  polygon  for  joint  6  or  joint  7  may  be 
drawn  next  ;  for  G  it  is  PDEQP,  EQ  and  QP  representing  the 
stresses  in  eq  and  qj).  At  joint  7  there  is  but  one  unknown  force, 
and  it  must  close  the  polygon  for  the  known  forces  there.  That 
polygon  is  ROPQ  ;  hence  QR  represents  the  unknown  force.  (If 
the  work  has  been  correctly  and  accurately  done,  QR  will  be 
parallel  to  qr). 

When  the  wind  blows  upon  the  right  side,  the  values  of  the 
reactions,  and  the  stresses  in  any  two  corresponding  members,   are 
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reversed.  Thus,  when  the  wind  blows  upon  the  left  side,  the 
stresses  in  11  and  I'x  equal  18,300  and  0,100  pounds  respectively  ; 
and  when  it  blows  upon  the  right  they  are  respectively  6,100  and 
18,300  pounds.  It  is  not  necessary,  therefore,  to  construct  a  stress 
diao-rara  for  the  wind  pressure  on  the  right.  The  numbers  in  the 
fifth  column  (see  table.  Page  72)  relate  to  wind  right,  and  were 
obtained  from  those  in  the  fourth. 

4i.  Combination  of  Dead,  Snow,  and  Wind=Load  Stresses. 
After  havinin-  found  the  stress  in  any  member  due  to  the  separate 
loads  (dead,  snow,  and  wind),  w^e  can  then  find  the  stress  in  that 
member  due  to  any  combination  of  loads,  by  adding  algebraically 
the  stresses  due  to  loads  separately.  Thus,  in  a  given  member, 
suppose : 

Dead-load  stress  =  -f~  10,000  pounds, 

Snow-load      "  =+15,000 

Wind-load      "  (right)  =   -  12,000 
"   (left)      =  +    4,000 

Since  the  dead  load  is  permanent  (and  hence  the  dead-load  stress 
also)  the  resultant  stress  in  the  member  when  there  is  a  snow  load 
and  no  wind  pressure,  is 

+  10,000  +  15,000  =  +  25,000  pounds  (tension) ; 

when  there  is  wind  pressure  on  the  right,  the  resultant  stress 
equals 

+  10,000  -  12,000  =  -  2,000  pounds  (compression)  ; 

when  there  is  wind  pressure  on  the  left,  the  resultant  stress  is 

+  10,000  +  4,000  =  +  14,000  pounds  (tension)  ; 

and  when  there  is  a  snow  load  and  wind  pressure  on  the  left,  the 
resultant  stress  is 

+  10,000  +  15,000  +  4,000  =  +  20,000  pounds  (tension). 

If  all  possible   combinations   of   stress   for    the  preceding  case  be  f 
made,  it  will  be  seen  that  the  greatest   tension   which  can  come 
upon  the  member  is  29,000  pounds,  and  the  greatest  compression 
ifl  2,000  pounds. 

In  roof  trusses  it  is  not  often   that  the  wind  load  produces  a 
"  reversal  of  stress  "  (that  is,  changes  a  tension  to  compression,  or 
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vice  versa)',  but  in  bridge  trusses  the  rolling  loads  often  produce 
reversals  in  some  of  the  members.  In  a  record  of  stresses  the 
reversals  of  stress  should  always  be  noted,  and  also  the  value  of 
the  greatest  tension  and  compression  for  each  one. 

The  numbers  in  the  sixth  column  of  the  record  (Page  72)  are 
the  values  of  the  greatest  resultant  stress  for  each  member.  It  is 
sometimes  assumed  that  the  greatest  snow  and  M'ind  loads  will  not 
come  upon  the  truss  at  the  same  time.  On  this  assumption  the 
resultant  stresses  are  those  given  in  the  seventh  column. 

EXAMPLK  FOR  PRACTICE. 

1.  Comjjile  a  complete  record  for  the  stresses  in  the  truss  of 
Fig.  24,  for  dead,  snow,  and  wind  loads.  See  Example  1,  Article 
27,  for  values  of  dead-load  stresses,  and  Example  2,  Article  29, 
for  values  of  the  wind-load  stresses.  Assume  the  snow  load  to 
equal  1.2  times  the  dead  load. 

After  the  record  is  nuxde,  compute  the  greatest  possible  stress 
in  each  member,  assumino"  that  the  wind  load  and  snow  load  will 
not  both  come  upon  the  truss  at  the  same  time. 

The  greatest  resultant  stresses  are  as  follows: 


Member. 
Result- 
ant  


-14,9501+17,800 


bg    \  fg    \     gh 

-10,4001-8,875!  +7,820 


hi 

-8,875 


he     I       ie      I     id 
-ll,8(X)+ll,50o|-13,850 


42.     Truss  Sustaining  a  Roof  of   Changing  Slope.     Fig  46 

represents  such  a  truss.  The  weight  of  the  truss  itself  can  be  esti- 
mated by  means  of  the  formula  of  Art,  10.  Thus  if  the  distance 
between  trusses  equals  12  feet,  the  weight  of  the  truss  equals 

32 

W  ==  12  X  32  (  -^  +  1)  =  875  pounds. 

The  weight  of  the  roofing  equals  the  product  of  the  area  of 
the  roofing  and  the  weight  per  unit  area.  The  area  equals  12 
times  the  sum  of  the  lengths  of  the  members  12,  23,  34,  and  45, 
that  is,  12  X  304^  =  438  square  feet.  If  the  roofing  weighs  10 
pounds  per  square  foot,  then  the  weight  of  roofing  sustained  by 
one  truss  equals  438  X  10  =  4,380  pounds.  The  total  dead  load 
then  equals 

875  +  4,380  =  5,255  pounds; 
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and  the  apex  dead  loads  for  joints  2,  8,  and  4:  equal: 

-J-  X  5,255=  1,314  (or  approximately  1,300) pounds; 
while  the  loads  for  joints  1  and  5  equal 

-— -  X  5,255  =  057  (or  approximately  650)  pounds. 

The  snow  loads  for  the  joints   are   found   by  computing  the 
snow  load  on  each  separate  slope  of  the  roof.     Thus,   if  the  snow 


2loo     ,  looolbs 


-'  \Rfl74olb9. 


Fig.  46. 

weighs  20  pounds  per  square  foot  (horizontal),  the  load  on  the  portion 
12  equals  20  times  the  area  of  the  horizontal  projection  of  the  por- 
tion of  the  roof  represented  by  12.  This  horizontal  projection  equals 
8  X  12  (=  96)  square  feet;  snow  load  equals  96  X  20  (=  1,920) 
pounds.     This  load  is  to  be  equally  divided  between  joints  1  and  2. 

In  a  similar  way  the  snow  load  borne  by  23  equals  20  times 
the  area  of  the  horizontal  projection  of  the  roof  represented  by  23; 
this  horizontal  projection  equals  8  X  12  (  =  96)  square  feet  as 
before,  and  the  snow  load  hence  equals  1,920  pounds  also.  This 
load  is  to  be  equally  divided  between  joints  2  and  3. 

Evidently  the  loads  on  parts  31  and  45  also  equal  1,920 
pounds  each;  hence  the  apex  loads  at  joints  1  and  5  equal  960 
pounds  and  at  joints  2,  3  and  4,  1,920  pounds. 
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The  wind  load  must  be  computed  for  each  slope  of  the  roof 
separately.  The  angles  which  12  and  23  make  wuth  the  horizontal, 
scale  practically  37  and  15  degrees.  According  to  the  table  of 
wind  pressures  (Art.  19),  the  pressures  for  these  slopes  equal 
about  35  and  20  pounds  per  square  foot  respectively.  Since  mem- 
ber 12  is  10  feet  long,  the  wind  pressure  on  the  37-degree  slope 
equals  10  X  12  X  35  =  4,200  pounds. 

This  force  acts  perpendicularly  to  the  member  12,  and  is  to 
be  equally  divided  between  joints  1  and  2  as  represented  in  the 
iigure.  Since  the  member  23  is  8^  feet  long,  the  wind  pressure 
on  the  15 -degree  slope  equals 

81  X  12  X  20  =  1,980  or  approximately  2,000  pounds. 

This  pressure  acts  perpendicularly  to  member  23,  and  is  to  be 
equally  divided  between  joints  2  and  3  as  represented. 

The  stress  diagram  for  dead,  snow,  or  wind  load  for  a  truss 
like  that  represented  in  Fig.  46,  is  constructed  like  those  previouBly 
explained;  but  there  are  a  few  points  of  difference  in  the  analysis 
for  wind  stress,  and  these  will  be  explained  in  what  follows. 

Examjple.  Let  it  be  required  to  determine  the  stresses  in  the 
truss  of  Fig.  46,  due  to  wind  loads  on  the  left  as  represented. 

It  is  necessary  to  ascertain  the  reactions  due  to  the  wind  loads; 
therefore,  find  the  resultant  of  the  wind  pressures,  see  Art.  37;  it 
equals  6,120  pounds  and  acts  as  shown.  Now,  if  both  ends  of  the  truss 
are  fastened  to  the  supports,  then  the  reactions  are  parallel  to  the 
resultant  wind  pressure,  and  their  values  can  be  readily  found  from 
moment  equations.  Let  Rj  and  R^  denote  the  left  and  right  reac- 
tions respectively;  then,  since  the  arms  of  Rj  and  the  resultant 
wind  pressure  with  respect  to  the  right  end  equal  27.8  and  19.9 
feet  respectively, 

R.X  27.8  =  6,120  X  19.9  =  121,788  ; 

121,788        ,  ^^^  ,  .         , 

hence,       K^  =  — ^^y^ —  "^  4,380  pounds  approximately. 

Since  the  arms  of  V\,^  and  the  -resultant  wind  pressure  with  respect 
to  the  left  support  are  27.8  and  7.9  feet  respectively, 

^,X  27.8  =  6,120  X  7.9  =  48,348  ; 


211 


78 


STATICS 


hence,        R.^ 


48,348 


=:  1,740  pounds  approximately. 


The  next  step  is  to  draw  the  polygon  for  the  loads  and  reactions  ; 
so  we  draw  lines  AB,  BC,  CD,  and  DE  to  represent  the  loads  at 
joint  1,  the  two  at  joint  2,  and  that  at  joint  3,  respectively  ;  and 
then  EF  to  represent  the  right  reaction.  (If  the  reactions  have 
been  correctly  determined  and  the  drawing  accurately  done,  then 
FA  will  represent  the  left  reaction.) 

The  truss  diagram  should  now  be  lettered  (agreeing  with  the 
letters  on  the  polygon  just  drawn),  and  then  the  construction  of 
the  stress  diagram  may  be  begun.  Since  this  construction  presents 
no  points  not  already  explained,  it  will  not  be  here  carried  out. 

EXAMPLE  FOR  PRACTICE. 

Analyze  the  truss  of  Fig.  4G  for  dead,  snow,  and  wind  loada 
as  computed  in  the  foregoing,  and  compute  the  greatest  resultant 
stress  in  each  member  due  to  combined  loads,  assuming  that  the 
snow  and  wind  do  not  act  at  the  same  time. 


Stress  Record. 


51 


Mem- 
ber. 

Dead. 

Snow. 

Wind  Left. 

Wind  Right. 

Bjsnltant. 

12 

-3,250 

-4,800 

-3,450 

-2,500 

-8,050 

23 

-2,700 

-4,000 

-2,850 

-3,100 

-6,700 

16 

^-2,600 

+3,850 

+3,750 

+1,150 

+6,450 

26 

0 

0 

-2,000 

+1,250 

^    -2,000 
I  +1,250 

36 

0 

0 

+    450 

+    450 

+   450 

46 

0 

0 

+1,250 

-2,000 

^  +1,250 
}    -2,000 

56 

+2,600 

+3,850 

+1,150 

+3,750 

+6,450 

43 

-2,700 

-4,000 

-3,100 

-  2,850 

-6,700 

54 

-  3,250 

-4,800 

-2,500 

-3,450 

-8,050 
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ROOF  TRUSSES 


1.  Classes  of  Roof  Trusses.  Roof  trusses  may  be  divided  into 
three  classes  according  to  the  shape  of  their  upper  chord.  These 
Ihree  classes  are : 

(1)  Triangular  roof  trusses; 

(2)  Crescent  roof  trusses; 

(3)  Roof  trusses  other  than  these. 

Fig.  1  shows  various  forms  of  triangular  roof  trusses.  The 
Pratt  and  Howe  trusses  are  shown  respectively  by  a  and  b.  These 
trusses  obtain  their  name  on  account  of  their  web  bracing  being  of  the 
Pratt  or  Howe  type.  The  triangular  truss  in  most  common  use  is  the 
Fink,  next  to  which  is  the  Saiv-footh.  The  Fink  truss  is  built  in  a 
variety  of  forms,  as  shown  in  Fig.  1  (c,c?,  6',  and/),  c  being  for  spans 
up  to  60  feet;  e  for  spans  up  to  70  feet,  and  d  and  /  for  spans  up  to  80 
feet  and  over.  The  great  advantage  of  this  style  of  truss  is  that 
many  of  its  members  have  the  same  stress,  and  therefore  it  can  be 
constructed  more  cheaply  on  account  of  the  fact  that  a  large  amount 
of  the  same  sized  material  can  be  purchased  at  once. 

Wlien  the  top  chord  of  a  roof  truss  becomes  bent  as  shown  in 
Fig.  2,  the  truss  is  called  a  crescent  roof  truss.  The  bracing  in  the 
crescent  roof  trusses  is  not  of  any  particular  form,  being  as  a  usual 
thing  built  of  members  which  can  take  either  tension  or  compression. 
This  is  made  necessary  by  the  fact  that  the  curved  upper  chord  may 
cause  either  tension  or  compression  in  the  webbing,  according  to  the 
angle  of  its  inclination  with  the  horizontal. 

Roof  trusses  which  do  not  come  under  either  of  the  above  classes 
may  be  regarded  in  a  class  of  their  own.  To  this  class  belong  those 
trusses  which  are  somewhat  like  a  bridge  truss  in  that  the  two  chords 
are  horizontal  or  nearly  so.  The  ends  of  these  trusses  may  be  rec- 
tangular or  not.     For  various  types  of  this  class  of  truss,  see  Fig.  3. 

In  addition  to  the  above  classification,  which  is  based  on  the 
form  of  the  chords,  roof  trusses  may  be  divided  according  to  the 
manner  in  which  their  members  are  connected.     This  classification 
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„.,^^#h^    „^<<K^>>^    ^-^/^^^N-^ 


a.  Praff 


b    Howe 


c  Common  Fink 


d  Common  Fink  ( lonq  span)  e.  Modified  Fink  or  Fan  Truss 


f.  Modified  Fink  orFaniloncj  span) 


North 


wpv  Norhh    S 


g  Saw  Tooth  h  Ketchum's  Modified  5aw Tooth 

Fig.  1.    Triangular  Roof  Trusses. 


Fig.  2.    Crescent  Roof  Trusses. 


P-^:^:^:^  p^T^  ptT^^ 


Fig.  3.    Trusses  witli  Chords  Almost  Parallel. 
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is  that  of  jjin-connected  and  riveted.     For  a  definition  of  this,  and  for 
figures  showing  such  joints,  see  "Statics,"  pp.  22  and  23. 

Trusses  are  seldom  built  as  pin-connected  unless  they  are  of 
long  span,  since  roof  trusses  are  comparatively  light,  and  pin-con- 
nected trusses,  unless  of  considerable  weight,  do  not  give  very  great 


stiffness. 

Riveted  roof  trusses  are  used  for  nearly 
all  practical  purposes,  since  they  give  great 
rigidity  under  the  action  of  wind  and  of  mov- 
ing loads,  such  as  cranes,  which  may  be  at- 
tached to  them, 

2,  Physical  Analysis  of  Roof  Trusses. 
In  pin-connected  roof  trusses,  the  tension  mem- 
bers consist  of  I-bars  or  rods;  and  the  com- 
pression members  are  made  of  channels  or  angles  and  plates,  either 
plain  or  latticed.  In  riveted  trusses,  both  tension  and  compression 
members  are  made  up  of  angles  and  plates  or  a  combination  of  the  two. 
The  top  chords  of  roof  trusses  of  medium  span  usually  consist  of  two 
angles  placed  back  to  back.  If  the  stress  becomes  too  great  to  be 
taken  up  by  two  angles  larger  than  5  by  3  V  inches,  then  two  angles  and 
a  plate  are  used  (see  Fig.  4).     In  case  the  roof  truss  is  of  great  size  and 


T 


Fig.  4.    Chord  Section 
for  Heavy  Stresses. 


" 


Fig.  5.  Pig.  6 

Chord  Sections  for  Trusses  ot  Long  Span. 

the  stresses  are  exceedingly  large,  the  chord  member  may  be  built  up 
in  a  manner  somewhat  similar  to  a  bridge  truss,  being  constructed  of 
two  channels  and  a  plate,  or  four  angles  and  three  plates.  Figs.  5  and 
6  show  cross-sections  of  chords  for  long-span  riveted  trusses.  These 
cross-sections  may  also  be  used  for  pin-connected  trusses. 

The  web  members  of  a  truss  usually  consist  of  one  angle;  and 
if  this  is  insufficient,  two  angles  back  to  back  are  used.  Fig.  <S0, 
page  C^^^,  gives  a  diagram  of  a  roof,  and  shows  not  only  the  roof  trusses 
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but  also  various  other  parts  which  will  be  referred  to  in  the  succeeding 
articles. 

3.  Wind  Pressure  and  Snow  Loads.  The  wind  pressure  on  a 
flat  surface  varies,  of  course,  with  the  velocity  of  the  wind,  and  is  very 
closely  given  by  the  formula: 

P  =  0.004F2 

By  substituting  in  this  formula,  the  values  shown  in  Table  I  are  deter- 
mined for  given  velocities  in  miles  per  hour. 

TABLE  I 
Wind  Pressure  at  Various  Velocities 


Velocity 
(Miles  per  hour) 

Pressure 
(Lbs.  per  square  foot) 

Rem.\rks 

10 

0.4 

Breeze 

20 

1.6 

Strong  breeze 

30 

3.6 

Strong  wind 

40 

6.4 

High  wind 

50 

10.0 

Storm 

60 

14.4 

Heavy  storm 

70 

19.6 

Hurricane 

80 

25.6 

(( 

100 

40.0 

(< 

The  pressures  indicated  in  Table  I  are  perpendicular  to  the  direction 
of  the  wind.  When  the  wind  blows  on  an  inclined  surface,  the  wind 
is  assumed  to  be  acting  horizontally,  and  the  normal  component  on 

the  inclined  surface  is  deter- 
mined. This  component  is  not 
equal  to  the  horizontal  pressure 
times  the  sine  of  the  angle  of 
inclination,  as  one  would  sup- 
pose (see  Fig.  7),  but  is  greater 
by  a  small  amount.  Roofs  are 
usually  figured  on  a  basis  of  40 
pounds  pressure  on  a  vertical 
surface.  The  value  of  the  nor- 
mal component  for  a  horizontal  wind  pressure  of  40  pounds  per 
square  foot,  is  given  on  page  24  of  "Statics,"  and  is  here,  for  con- 
venience, reduced  to  the  normal  pressure  for  any  given  pitch. 


Fig.  7.    Theoretical  Determination  of 
Normal  Component. 
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Pitch  Normal  Wind  Pressure 

J 34  pounds  per  square  foot. 

30° 32        " 

i 30        " 

1 2G        "  "         "  " 

j^  90  iC  it  U  it 

ti *^ 

If  the  normal  pressure  on  a  roof  making  any  other  angle  with  the  hori- 
zontal is  desired,  see  "Statics,"  p.  24. 

The  determination  of  these  vakies  is  based  for  the  most  part  on 
data  obtained  by  experiment.  In  the  computations  relative  to  the 
design  of  buildings,  the  wind  is  usually  assumed  to  exert  a  pressure 
on  the  walls  of  30  pounds  per  square  foot. 

The     snowfall 


For  Pacific  Coast 
and  Arid  Regions  use 
one-half  tabular  values 


40 
Lotitudc  in  Degrees. 

Fiff.  8.    Unit  Snow  Loads. 


varies  with  the  lo- 
cality. The  heav- 
iest snow  loads 
which  come  upon  a 
roof  are  not  always 
in  the  locality  of 
the  heaviest  snow- 
fall, since  a  compar- 
atively light  snow- 
fall may  occur,  and 
if  this  is  followed 
by  wind  and  sleet, 
the  result  will  be  a 
load  greatly  in  ex- 
cess of  the  snowfall  itself.  The  snow  load  per  square  foot  of  roof 
surface  varies  with  the  pitch  of  the  roof,  and  will  be  greater  the 
smaller  the  pitch.  The  ice  and  sleet  will  be  comparatively  constant. 
Fig.  8*  gives  values  of  snow  and  sleet  loads  which  are  recommended 
for  use.  It  is  customary  to  figure  the  snow  load  by  taking  it  as  so 
much  per  square  foot  of  horizontal  projection. 

EXAMPLES    FOR    PRACTICE 

1.  Compute  the  wind  panel  load  on  a  roof  whose  pitch  is  \, 
and  whose  panel  length  is  15  feet,  the  distance  between  trusses  being 
16  feet. 

2.  Compute  the  snow  panel  load  for  the  truss  of  Problem  1,  above. 

*Ketelium's  "Steel  Mill  Buildings,"  p.  11. 
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4.  Weights  of  Roof  Trusses.  The  weight  of  a  roof  truss  varies 
with  the  material  of  which  it  is  constructed,  the  span,  the  distance 
between  trusses,  the  pitch,  and  the  capacity  of  the  truss.  The  actual 
weight,  of  course,  cannot  be  determined  until  after  the  truss  is 
designed;  but  an  approximate  weight  may  be  obtained  from  any  of 
the  empirical  formulae  which  are  now  in  use.  Table  II  gives  the 
most  common  and  best  of  the  empirical  formulae,  together  with  the 
names  of  their  authors, 

TABLE  II 
Formulas  Giving  Weights  of  Roof  Trusses 


Formula 


('  -  to) 

^  -  "''  (4  +  em)- ""'°''™  "■"""''■ 

45    V         5Vay 

PF  =   2a(4  +   2^-)   ]/FT7' 

W  ^  al  (0.06  1  +  0.6)  for  heavy  loads   \ 
W  =  al  (0.04  I  +0.4)   "    light        "        j 


W  =  y  al 
4 


Author 


Mansfield  Merriman 

E.  R.  Maurer,  (p.  23,  "Statics") 

N.  C.  Ricker 

Milo  S.  Ketchum* 

C.  W.  Bryan 

C.  E.  Fowler 


In  the  above  formuhie, 

W  =  Weight  of  steel  in  truss,  in  pounds; 

P  =  Capacity  of  truss  in  pounds  per  square  foot  of  horizontal  projec- 
tion of  roof; 
r  =  Rise  of  peak,  in  feet; 

o  =  Distance  center  to  center  of  trusses,  in  feet; 
I  =  Span  of  truss,  in  feet. 

ROOF  COVERINGS 

5.  The  roof  is  covered  with  some  material  which  will  protect 
the  interior  of  the  building  from  the  action  of  the  elements.  This 
covering  may  consist  of  any  one  or  more  of  the  materials  which, 
together  with  their  weights  per  square  foot,  are  indicated  in  Table  III. 
The  weights  here  given  for  materials  which  must  be  laid  upon  sheath- 
ing, do  not  include  the  weight  of  the  sheathing,  which  is  given  sepa- 
rately. A  short  description,  together  with  necessary  information  for 
use  in  estimates,  will  now  be  given. 

*  "Steel  Mill  Buildmgs,"  p  5. 
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TABLE   III 
Approximate  Weights  of  Roof  Coverings 


Material 

Weioht  per  Sq 

UARE  Foot 

White  pine  sheathing  1  inch  thick 

3 

lbs. 

Yellow  pine  sheathing  1  inch  thick 

4 

Batten  sheathing,  4-in.  by  1-in. 

2i 

Slate 

10 

Skylight  glass,  including  frame 

10 

Tin 

1 

Shingles 

3 

Corrugated  steel 

2 

Flat  tiles 

12  to  25 

Corrugated  tiles 

10 

Concrete  slabs 

35  to  50 

Felt,  asphalt  and  gravel 

10 

Felt  and  gravel 

10 

Patent  roofings 

^to     li 

Sheet  steel 

H 

Non-condensing  base  . 

1 

Fig.  9.    Method  of  Laying  Slate. 


Sheathing.  Sheathing  is  generally  laid  directly  upon  the  purlins 
(see  Article  6);  and  upon  this  are  laid  the  shingles,  slate,  tin,  or  tile. 
Sheathing  is  usually  made  of  a  single  thickness  of  planks,  1  to  2h 
inches  thick,  laid  close  together.  In  some  cases,  however,  when 
batten  sheathing  is  used,  it 
is  spaced  from  2  to  4  inches 
apart.  This  has  the  advan- 
tage of  being  cheap  and  at 
the  same  time  allowing  good 
circulation  of  air  beneath 
the  roof  covering,  and  con- 
sequently dampness  due  to 

any  cause  will  soon  dry  out.     Batten  sheathing  is  much  used  where 
the  roof  covering  consists  of  slate,  shingles,  or  tile. 

Slate.  Roofing  slate  is  generally  of  the  characteristic  slaty  color, 
but  may  be  obtained  in  nature  in  greens,  purple,  reds,  and  other 
colors.  It  is  made  in  thicknesses  of  from  i  to  |  inch,  in  widths  from 
6  to  24  inches,  and  in  lengths  from  12  to  44  inches.  The  12  by  18  by 
i^c-in.  slate  is  probably  the  most  commonly  used.  Slate  should  be 
laid  as  shown  in  Fig.  9,  and  the  pitch  of  the  roof  should  not  be  less 
than  |.  If  the  pitch  of  the  roof  is  less  than  this,  the  lap  should  be 
made  greater  than  3  inches,  as  is  shown  in  Fig.  9.  The  lap  should 
be  increased  at  least  ^  inch  for  every  ^--^q  in  pitch;  and  the  minimum 
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pitch  should  never  be  less  than  -g^,  since  it  is  practically  impossible  to 
prevent  roofs  with  a  smaller  pitch  than  this  from  leaking,  especially 
if  a  strong  wind  is  blowing. 

The  number  of  different  sizes  of  slate  required  to  lay  100  square 
feet  of  surface,  and  also  their  weight,  are  given  in  the  handbooks  of 
the  various  slate  companies.  With  a  3-inch  lap,  it  takes  160  of  the 
size  and  thickness  mentioned  above  to  lay  100  square  feet,  and  the 
total  weight  of  this  square  is  650  pounds.  Slate  is  one  of  the  most 
durable  of  roofing  materials.  Its  first  cost  is  high,  being  from  5  to 
8  dollars  per  hundred  square  feet;  but  the  cost  of  maintenance  is 
almost  nothing,  since  it  is  affected  neither  by  the  elements  nor  by  the 
action  of  gases  or  acids.  In  case  the  roof  would  be  subjected  to  the 
action  of  gases  or  acids,  it  is  advisable  to  use  copper  slating  nails. 

Skylight  Glass.     Skylights  usually  consist  of  glass  about  j-^^  to 

Finished 
Joint 

Solder 


'^Sheathing  -^  Sheathing  -^ 

Fig.  10.    Tin  Laid  with  Flat  Seam.  Fig.  11.    Tin  Laid  with  Standing  Seam. 

f  inch  in  thickness,  supported  on  light  members  of  iron  or  galva- 
nized iron  which  act  as  a  framework.  The  actual  weight  of  glass  of 
different  kinds  can  be  accurately  obtained  from  manufacturers'  cata- 
logues, and  the  student  is  referred  to  these;  they  may  be  had  by 
addressing  the  manufacturers  (see  Figs.  73  and  74) . 

Tin,  This  is  made  by  coating  thin,  flat  sheets  of  iron  or  steel, 
either  with  tin  alone  or  with  a  mixture  of  tin  and  lead.  In  the  first 
case  the  product  is  called  bright  tinplate,  and  in  the  second  case  terne 
plate.  Terne  plate  must  not  be  used  where  it  will  be  subjected  to  the 
action  of  acids  or  corrosive  gases,  since  the  lead  coating  is  rapidly 
destroyed,  and  then  of  course  the  iron  also. 

Tin  plates  come  in  various  sizes  and  thicknesses;  but  usually  112 
come  in  one  box.  The  most  commonly  used  is  a  sheet  20  by  28 
inches,  and  of  sheet  iron  of  No.  27  gauge,  which  weighs  10  ounces  to 
the  square  foot.  This  is  marked  "IX."  If  the  box  were  marked 
"IC,"  it  would  indicate  that  the  sheets  were  of  No.  29  gauge  metal, 
which  weighs  8  ounces  to  the  square  foot.    The  value  of  the  roofing 
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depends  to  a  great  extent  upon  the  amount  of  tin  used  in  the  coating. 
This  will  vary  from  8  to  50  pounds  for  a  box  of  the  20  by  28-inch 
sheets. 

A  tin  roof  is  formed  by  fixing  together  a  number  of  these  sheets. 
The  sheets  may  be  connected  as  shown  in  Fig.  10,  or  as  shown  in  Fig. 
11.  In  the  first  case,  they  are  said  to  be  laid  with  a  flat  seam,  and 
in  the  second  case  they  are  said  to  be  laid  with  a  standing  seam.  Tin 
roofs  rot  out  very  readily  unless  they  are  kept  painted.     If  a  new  coat 


Covers    24" 


50" wide  before  corrugating 


27i" 


after 


Z  Corruqation  Side  Lap 
Covers  25V  Covers  25^ 


li  Corruqation  Side  Lap 


Covers    26V 


Covers  26V 


I  Corruqation  5ide  Lap 

Fig.  13.    Lapping  of  Corrugated  Steel. 

is  given  them  every  couple  of  years,  they  v\dll  last  from  twenty  to 
thirty  years. 

Tin  can  be  laid  on  roofs  whose  pitch  is  very  small,  say  -^.  The 
first  cost  is  about  as  much  as  that  of  slate,  but  the  cost  of  mainte- 
nance is  very  high. 

Shingles.  Shingle  roofs  are  very  seldom  used  on  buildings  for 
manufacturing  purposes,  for  the  reason  that  they  take  fire  quite 
readily,  leak  quite  easily,  and  require  renewal  quite  often.  Shingles 
are  from  18  to  24  inches  long,  and  usually  run  from  2  to  8  inches  in 
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width,  although  they  can  be  obtained  of  a  uniform  width  of  from  4 
to  G  inches.  They  are  laid  like  slate,  the  lap  being  made  4  inches  or 
more.  They  should  never  be  laid  on  roofs  whose  pitch  is  less  than  ^. 
It  takes  about  from  800  to  1,000  shingles  to  lay  100  square  feet  of 
roof.  The  cost  is  about  $5.00  per  100  square  feet;  but  under  the  best 
conditions,  the  life  of  shingles  is  only  about  ten  years. 

Corrugated  Steel.  Corrugated  steel  is  made  from  flat  sheets  of 
standard  gauges,  and  may  be  either  galvanized  or  left  as  it  comes 
from  the  rolls.  The  corrugations  are  of  different  size^;  and  widths; 
the  total  width  of  the  plates 
runs  from  24  to  28  inches, 
and  their  length  from  5  to 
10  feet,  varying  by  |  foot. 
The  sheet    most  used   for 


Fig.  13.    Showing  How  .Steel  Roofing  is 
Fastened  to  Purlins. 


roof  construction  has  2|-inch 
corrugations;  is  26  inches  wide 
after  corrugating;  and  will 
cover  a  width  of  24  inches 
with  one  lap  and  21 1  inches 
with  two  laps.  This  roofing 
should  be  laid  with  a  pitch  of 

not  less  than  J,  and  should  have  from  6  to  8  inches  lap  at  the  ends. 

For  further  information  regarding  the  method  of  lapping  and  the 

width  covered,  see  Fig.  12. 

Corrugated  steel  is  fastened  either  directly  to  wooden  purlins 

by  means  of  nails,  or  directly  to  iron  purlins  either  by  means  of  a 

bolt  and  clip  or  by  a  clinch  nail  (see  Fig.  13). 

It  is  often  advisable  to  know  the  strength  of  corrugated  steel 

when  supported  at  certain  distances  apart  by  supports  perpendicular 

to  the  corrugations.     This  unsupported  length  determines  in  many 

cases  the  spacing  of  the  purlins.     The  load  in  pounds  per  square  foot 

which  can  be  carried  by  a  plate  of  span  I,  parallel  to  the  corrugation, 

is  given  by  the  formula : 


W  = 


330  Sdt 
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in  which, 

I  =  Unsupported  length  of  sheet,  in  inches; 
t  =  Thickness  of  sheet,  in  inches; 
S  =  Allowable  unit-stress; 
d  =  Depth  of  corrugation,  in  inches. 

Table  IV,  giving  data  relative  to  corrugated  sheets,  is  taken 
from  page  172  of  the  Pocket  Companion  of  the  Carnegie  Steel  Com- 
pany (edition  of  1902),  where  also  other  valuable  information  is  given. 

TABLE  IV 
Corrugated  Steel  Data 


No.   BY 

Birmingham 

Thickness 
(Inches) 

Weight  in   lbs.  per   100  Sq.  Ft.  of   Roof  when  Laid 

WITH  6-iN.  End  Lap  and  One  Corrugation,  2i-in., 

Side   Lap,   and   Length  of: 

5  ft. 

6  ft. 

7  ft. 

8  ft. 

9  ft. 

10  ft. 

16 
18 
20 
22 
24 
26 

0.065  in. 
0.049   " 
0.035  " 
0.028  " 
0.022   " 
0.018  " 

365 
275 
196 
156 
123 
101 

358 
270 
192 
154 
121 
99 

353 

267 
190 
152 
119 

97 

350 

264 
188 
150 
118 
97 

348 
262 
186 
149 
117 
96 

346 

261 
185 
148 
117 
95 

Tiles.  One  of  the  most  common  sizes  of  plain  roofing  tile  is 
10^-  inches  long  by  6J  inches  wide  and  f  inch  thick.  Tile  of  this  size 
weigh  about  2 J  pounds  each. 
They  are  laid  with  a  lap  equal  to 
one-half  their  length.  They  may 
be  laid  directly  upon  plank 
sheathing  in  a  manner  similar  to 
shingles  or  slate,  or  they  may  be 
laid  directly  upon  purlins  (see 
Figs.  14,  15,  and  16).  In  the 
first  case  they  are  nailed  directly 
to  the  sheathing,  and  in  the  second  case  they  are  connected  with  the 
purlins  either  with  copper  wire  or  clinch  nails.  Flat  tiles  are  usually 
laid  in  cement;  corrugated  tiles  are  made  so  as  to  interlock,  and  conse- 
quently in  most  cases  require  no  cement.  One  convenience  of  the 
tile  roof  is  that  the  skylights  may  be  formed  by  laying  glass  tile  in 
place  of  the  other. 

Tile  roofs  are  very  substantial;  but  are  very  costly,  in  regard  not 
only  to  the  tiles  themselves,  but  also   in  regard  to  the  additional 


Fig.  14.    Method  of  Laying  Flat  Tile  on 
PlanU  Sheathing. 
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weight  required  in  the  trusses  by  reason  of  the  great  weight  to  be 
supported.  Tile  weigh  from  700  to  1,000  pounds  per  100  square  feet 
of  roof  surface.  They  cost  from  $12.00  to  $40.00  per  100  square  feet 
on  the  roof. 

Concrete  Slabs.  These  are  usually  moulded  directly  in  place 
by  suspending  forms  from  the  roof  trusses.  They  may  or  may  not  be 
reinforced,  and  in  any  case  are  usually  not  over  4  inches  in  thickness. 
Their  weight  is  about  50  pounds  per  square  foot.  Their  cost  is  from 
SIG.OO  to  S30.00  per  hundred  square  feet  of  roof  surface.  They  are 
expensive,  not  only  on  their  own  account,  but  also  from  the  fact  that 
the  weight  of  the  roof  trusses  must  be  increased  in  order  to  carry  the 


Fig.  15.    Ludowici  Tile  on  Steel  Purlins. 


Fig.  16.     Ludowici  Tile  on  Sheathing. 


weight  of  the  slabs.     Concrete  roofing  may  be  used  on  roofs  which  are 
practically  flat,  ^  inch  to  1  foot  being  sufficient  pitch. 

Felt  and  Asphalt.  This  roofing  is  laid  upon  shingles,  and  consists 
of  one  thickness  of  dry  felt,  three  or  four  thicknesses  of  roofing  felt 
well  cemented  together  with  asphalt  cement,  and  laid  with  good  laps 
where  they  join,  and  a  coating  of  from  100  to  200  pounds  of  asphalt 
per  100  square  feet  of  roof  surface.  Upon  this  asphalt,  while  hot, 
gravel  screened  through  a  |-inch  mesh  is  spread  in  the  quantity  of 
about  ^  of  a  cubic  yard  per  100  square  feet.  This  class  of  roofing 
should  never  be  laid  on  roofs  whose  pitch  is  greater  than  },  since, 
when  heated  by  the  rays  of  the  sun,  the  asphalt  will  run  and  destroy 
the  surface.  It  gives  good  satisfaction  on  roofs  whose  pitch  is  yj- 
This  class  of  roofing  can  be  bought  in  rolls,  and  in  this  case  the  gravel 
is  exceedingly  fine,  being  screened  through  a  |-inch  mesh. 
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Felt  and  Gravel  Roofing.  This  roofing  is  similar  to  the  above; 
only,  in  this  case,  tar  instead  of  asphalt  is  used  for  the  cementing  con- 
stituent. This  roofing  does  well  on  roofs  of  flat  pitch,  and  should 
never  be  used  on  roofs  whose  pitch  exceeds  ^.  It  can  also  be  bought 
in  rolls  ready  for  laying,  in  which  case  the  gravel  is  screened  through 
a  I -inch  mesh.  The  prepared  roofings  are  cheaper  than  those  laid  by 
hand;  but  they  do  not  give  good  service  unless  great  care  is  taken 
to  fasten  them  down  securely.  In  economy  of  first  cost  and  main- 
tenance, they  are  equal  to  or  better  than  tin. 

Sheet  Steel.  This  should  not  be  laid  on  a  pitch  less  than  J,  unless 
the  ends  are  cemented  together  where  they  lap.  It  comes  in  sheets  28 
inches  wide  and  from  4  to  12  feet  long,  or  it  may  be  purchased  in 
rolls  26  inches  wide  and  about  50  feet  long.  When  used  in  sheets,  it 
may  be  had  with  standing  crimped  edges,  in  which  case  it  is  laid  as 


Wood  Nailing  Strips- 
Sheet  Steel?  y^ 


^5heath'\ng 


Fig.  17.    Method  of  Laying  Sheet  Steel 
Avith  Crimped  Edges. 


Steel  Roofinc),^     /-f^elt  or  Tar  Fbper 
WireNett-ing^        *^  Asbestos 


Fig.  18.    Method  of  Laying  Roofing  on  an 
Anti-Condensing  Base. 


shown  in  Fig.  17.  In  case  it  comes  in  rolls,  it  may  be  laid  in  the  same 
manner  as  tin,  with  either  standing  seams  or  horizontal  flat  ones  as 
shown  in  Figs.  10  and  11.  Like  corrugated  steel,  it  comes  in  different 
gauges.  No.  28  being  that  most  commonly  used.  It  can  be  laid 
cheaper  than  tin,  on  account  of  the  long  lengths  obtainable. 

Patent  roofings  of  many  kinds  are  on  the  market.  These  come 
in  rolls  usually  from  2  feet  to  3  feet  wide,  and  cover  about  200  square 
feet  of  roof  surface.  The  basis  of  most  of  these  covers  is  asbestos, 
felt,  magnesia,  or  rubber;  and  this  is  treated  with  either  asphalt,  tar, 
or  some  other  preparation,  and  in  some  cases  is  covered  with  fine 
gravel. 

Non=Condensing  Roofing.  In  cases  where  a  metal,  slate,  or  tile 
roof  is  used  without  sheathing,  moisture  is  liable  to  condense  upon  the 
under  side  and  drip  on  the  floor  beneath.  This  can  be  prevented  by 
laying  the  material  upon  an  anti-condensing  base  consisting  of  a  layer 
of  wire  netting  on  top  of  which  are  placed  one  or  more  sheets  of  asbes- 
tos paper  about  ,V  inch  thick  (see  Fig.  IS). 
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Fig.  19.    Roof  Construction  in  -vrhich  Rafters  Supporting  the 
Sheathing  are  Laid  on  the  Purlins  which  Connect  the  Trusses. 


6.  Rafters  and  Purlins.  Roof  trusses  are  usually  connected 
by  beams  running  from  one  to  the  other.  These  beams  are  called 
purlins.  In  case  the  purlins  are  spaced  too  far  apart  to  lay  the  roof 
covering  directly  upon  them,  beams  are  placed  upon  the  purlins,  and 
on  these  beams  the  roof  covering  is  placed.     These  beams  are  called 

rafters.      Raft- 
ers are  usually 
made  of  wood, 
while      purlins 
are     made     of 
channels,      I- 
beams,  Z-bars, 
and,  if  the  truss- 
es   are   spaced 
sufficiently 
close   together, 
tees  OT  angles.  Figs. 
19  and  20  show  how 
rafters  and  purlins 
are  placed.    Fig.  21 
illustrates    the  use 
of  purlins  made  of 
tees.  As  purlins  are 
more  rigid  about  an 
axis    perpendicular 
to  their  webs,  they 
are    liable    to    sag 
toward    the    eaves 

Fig.  20.    Sheathing  Laid  Directly  on  Purlins.  nt  their  Center       In 

this  case,  sag  rods  are  used,  as  shown  in  Fig.  22. 
EXAMPLES    FOR    PRACTICE 

1.  Compute  the  roof  rafters  if  the  purHns  are  spaced  10  feet  apart, 
the  roof  covering  weighs  10  pounds,  the  sheathing  4  pounds,  and  the  snow 
load  per  square  foot  of  roof  surface  12  pounds. 

This  problem  may  be  solved,  either  by  assuming  the  size  of  the 

rafters  and  computing  their  spacing,  or  by  assuming  the  spacing  and 

computing  the  size  of  the  rafters.     The  latter  method  is  the  one  most 

commonly  used.     The  spacing  of  rafters  is  from  18  inches  to  4  feet. 
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The  common  spacing  is  2  feet.     The  weight  of  the  rafter  itself  is 
neglected  in  its  design. 

The  total  weight  per  square  foot  which  comes  on  the  rafter  is 
12  +  10  +  4  =  26  pounds.  Since  each  rafter  carries  a  portion  of 
the  roof  10  by  2  feet,  the  total 
weight  on  one  rafter  is  10  X  2  X 
26  =  520  pounds.  The  moment 
created  by  this  weight  is  (520  X 
10  X  12)  --  8  =  7  800  pound- 
inches.    This  should  be  equated  to 

S  I 

.  Allowing  1  000  pounds  to  the 


square  inch  as  the  unit-stress  on 

the    extreme     fibre,    and    noting    that 
there  results: 


Use  of  Purlins  Made  of  Tees. 


p,  _  h  (P       d       b  dr 


1  000  bd- 


6 


-  =  7  800 


Fig.  22.    Use  of  Sag  Rods  to  Prevent  Sagging 
of  Purlins  at  their  Center. 


d  =  \/4G.8  H-  b 

The  market  widths  of  rafters  are  Ih,  2,  3,  and  4  inches,  2  inches  being 
the  size  usually  employed.     Substituting  in  the  above  formula,  we 

have : 

d  =  \/46.8  -^  2  =  4.8  inches. 

The  rafters  will  be  made  2 
by  6  inches,  since  this  is  the 
nearest  market  size.  If  a 
3-foot  spacing  of  rafters  was 
used,  the  required  depth 
would  be  5.92  inches,  and  a  2  by  6-inch  would  still  be  used.  This 
spacing  and  this  size  of  rafter  would  be  the  one  to  employ  in  the 
solution  of  the  above  problem. 

2.  Deisign  the  piirhn  for  the  roof  of  Problem  1,  above,  if  the  trusses 
are  spaced  16  feet  aj^art. 

The  rafters  are  spaced  so  close  together  that  their  own  weight, 
the  weight  of  the  roof  covering,  and  the  snow  load  may  be  considered 
as  uniformly  distributed  over  the  purlin.  The  total  weight  which 
comes  upon  one  purlin  is  the  weight  of  snow  and  roof  covering  on  a 
space  16  feet  long  and  10  feet  wide.     This  weight  is: 
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Snow  load  =  10  X  IG  X  12  1  920  pounds 

Roof  covering  =  10  X  16  X  14  2  240 

16  rafters  6  by  2-in.,  10  feet  long,  at  3  lbs.  per  144  cu.  in.       480        " 

Total         4  640  pounds 
The  moment  caused  by  this  weight  is: 

(4  640  X  16  X  12)  -  8  =  111  360  pound-inches. 
The  determination  of  the  beam  which  will  be  used  to  withstand 
this  bending  moment  is  made  by  means  of  its  section  modulus.     The 

MI. 
formula  -—  =  -  is  used  in  the  design  of  beams.     The  values  of  / 
S        c 

and  c  are  constant  for  any  given  beam,  and  therefore  the  value  of 
/  -^  c  for  any  particular  beam  is  a  constant,  and  this  constant  is  called 
the  section  modulus.  It  is  therefore  evident  that  if  we  have  a  certain 
bending  moment  and  a  certain  allowable  unit-stress,  we  can  obtain 
the  value  of  the  section  modulus  by  dividing  the  moment  by  the 
allowable  unit-stress.  Then,  looking  into  one  of  the  steel  handbooks, 
the  beam  can  be  determined  which  will  have  a  section  modulus  equal 
to  or  slightly  in  excess  of  the  value  that  has  been  obtained  by  dividing 
the  bending  moment  by  the  unit-stress.  This  beam  will  be  the  beam 
which,  with  a  unit-stress  equal  to  the  one  assumed,  will  withstand  the 
bending  moment  under  consideration. 

The  handbooks  issued  by  many  of  the  steel  companies  are  indis- 
pensable to  the  intelligent  design  of  structural  steel.  That  issued  by 
the  Carnegie  Steel  Company  (edition  of  1903)  is  one  of  the  most  con- 
venient; and  since  it  will  be  frequently  referred  to  in  this  text,  its 
purchase  by  the  student  is  desired.  This  book  may  be  obtained  by 
addressing  the  Carnegie  Steel  Company  at  its  offices  in  any  of  the 
larger  cities.  The  cost  to  students  has  usually  been  50  cents;  to 
others,  $2.00. 

Assuming  an  allowable  unit-stress  of  18  000  pounds  per  square 

inch  on  the  extreme  fibre,  the  section  modulus  required  to  withstand 

the  bending  moment  of  111  360  pound-inches  is: 

111  360   ^ 
18  000        ^      "^• 

Looking  in  the    Carnegie    Handbook  at    column  11  on  page  100, 

column  11  on  page  102,  and  column  9  on  page  104,  it  will  be  seen  that 

any  one  of  the  following  shapes  will  be  sufficient: 

One  5-inch  14.75-pound  I-beam; 

One  7-inch    9.75      "       channel; 

One  4J  by  3^^^  by  y^^-inch  Z-bar  weighing  17.9  pounds  per  linear  foot. 
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Instead  of  the  5-inch  I-beam  as  given  above,  a  6^inch  12.25- 
pound  I-beam  with  a  section  modukis  of  7 . 3  could  be  used,  and  would 
be  more  economical,  since  it  is  less  in  weight;  and  it  would  also  be 
stiffer,  since  its  depth  is  greater  and  its  section  modulus  is  greater.  A 
comparison  of  the  above  weights  shows  the  channel  to  be  'the  most 
economical,  since  its  weight  is  considerably  less  than  either  of  the 
other  tv\^o  shapes.  Channels  usually  make  the  most  economical  pur- 
lins; and  for  this  reason  no  other  shapes  are  usually  inspected,  the 
channels  being  used  in  the  first  case  without  being  compared  with 
other  sections.  Inspection  of  column  11,  page  110,  Carnegie  Hand- 
book, shows  that  a  6  by  4  by  |-inch  angle  could  have  been  used  for  the 
purlin,  since  it  gives  a  section  modulus  of  6.25.  The  weight  of  this 
angle,  23.6  pounds  per  linear  foot,  shows  it  to  be  far  too  uneconomical 
to  employ. 

EXAMPLES    FOR    PRACTICE 

1.  Design  the  rafters  when  the  total  weight  of  the  snow  and  roof 
covering  is  30  pounds  per  square  foot,  and  the  purlins  are  spaced  15  feet  apart. 
Use  1  000  pounds  per  square  inch  as  the  allowable  unit-stress. 

2.  Design  the  purlins  if  the  trusses  are  12  feet  center  to  center;  the 
purlins  are  spaced  8  feet  apart;  the  roof  covering,  which  weighs  6  pounds  per 
square  foot,  is  laid  upon  1-inch  yellow  pine  sheathing  resting  directly  upon 
the  purlins;  and  the  snow  load  is  10  pounds  to  the  square  foot  of  roof  surface. 
Use  18  000  pounds  per  square  inch  as  the  allowable  unit-stress,  and  use  a 
channel  for  the  purlin  section. 

7.  Bracing.  In  order  to  keep  the  roof  trusses  erect,  bracing 
is  employed  to  join  together  their  top  chords  and  also  their  bottom 
chords.  This  bracing  may  consist  either  of  small  round  or  square 
rods,  or  it  may  consist  of  angles.  The  latter  is  the  best  practice, 
since  it  gives  great  rigidity  to  the  structure;  and  in  fact  it  should  be 
used  in  all  cases  where  machinery  of  any  kind  is  attached  to  the 
trusses.  One  disadvantage  of  the  rod  bracing  is  that  good  connec- 
tions with  the  trusses  are  usually  difficult.  The  bracing  between 
the  lower  chords  is  lighter  than  that  between  the  top  chords,  since 
its  office  is  merely  to  prevent  vibration,  while  that  between  the  upper 
chords  must  take  up  the  stresses  caused  by  the  wind  blowing  upon  the 
ends  of  the  building.  The  stresses  in  each  of  these  classes  of  bracmg 
can  only  be  approximately  determined;  and  for  that  reason  it  has 
become  customary  to  determine  their  section  by  judgment  rather 
than  by  computation.     For  lower  chord  bracing,  single  angles  3  by 
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2  by  y\-inch  are  recommended;  and  for  upper  chord  bracing,  3  by 

3  by  y^'fi-inch  ^gles  should  be  used. 

It  is  not  customary  to  place  bracing  between  each  pair  of  trusses, 
but  to  place  them  between  each  alternate  pair  or  between  every  third 
pair  of  trusses.  Fig.  23  shows  several  ways  in  which  the  bracing  may 
be  inserted. 

8.  Economical  Spacing  and  Pitch  of  Trusses.  The  term  pitch 
which  has  been  used  in  the  preceding  pages  is  the  fraction  obtained  by 
dividing  the  span  into  the  height  of  the  truss  at  the  center  of  the 

span.  For  example,  if  a  truss  has 
a  span  of  60  feet,  and  a  rise  of  12 
feet  at  the  center,  it  would  be 
said  to  have  a  pitch  of  ^;  if  the 
rise  were  15  feet,  the  pitch  would 
be  I;  and  if  the  rise  were  20  feet, 
the  pitch  would  be  ^.  The  pitch 
of  a  truss  is  seldom  expressed  in 
degrees  by  giving  the  angle  that 
the  top  chord  makes  with  the 
horizontal.       One    exception    is 


Upper  Chord  Bracing 


-^3gv^^^^ 


Lookinc^  Upward -The  Lower  Chord  Bracing 


Fig.  33.    Methods  of  Inserting  Bracing 
between  Trusses. 


very  common.     It  is  to  use  the 
30°  pitch.     This  has  the  advan- 
tage of  making  the  height  of  the 
center  equal  to  one-half  the  length  of  one  side  of  the  top  chord — a 
fact  which  lends  itself  to  ease  in  making  the  shop  drawings. 

The  maximum  or  minimum  allowable  pitch  for  any  given  roof 
depends  to  a  great  extent  upon  the  class  of  roof  covering  employed. 
For  pitches  required  for  any  given  class  of  roof  covering,  see  Article 
5,  p.  6.  It  might  be  noted  that  most  of  the  patent  roofings,  or  any 
roofing  in  which  tar  or  asphalt  is  an  ingredient,  should  not  be  laid 
upon  roofs  with  a  pitch  greater  than  -g-  or  |;  while  most  of  the  cover- 
ings which  consist  of  steel  or  clay  products  require  pitches  of  ^  or  over. 
Pitches  varying  from  ^  to  |  have  very  little  effect  upon  the  weight 
of  the  trusses.  This  is  true  only  for  trusses  with  horizontal  lower 
chords.  If  the  lower  chord  is  cambered — that  is,  raised  above  the 
horizontal  position — it  greatly  increases  the  stresses  in  the  truss,  and 
consequently  the  weight  of  the  truss.  The  greater  the  camber,  the 
greater  the  weight  of  the  truss,  the  pitch  remaining  the  same.     If  the 
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camber  is  constant,  then  the  greater  the  stresses  (and  consequently 
the  weight  of  the  truss),  the  smaller  the  pitch.  It  is  advisable  not  to 
camber  the  lower  chord  unless  it  is  positively  necessary.  A  camber  of 
5  per  cent  of  the  span  will  increase  the  weight  of  the  truss  from  10  to 
40  per  cent,  according  to  the  pitch. 

Taking  all  things  into  consideration,  a  pitch  of  ^  or  }  is  to  be 
preferred  over  that  of  ^  or  less,  since,  after  the  pitch  becomes  less 
than  I,  the  weight  of  the  truss  increases  quite  rapidly,  the  span  being 
constant. 

For  any  given  roof,  there  is  an  economical  spacing  of  the  trusses. 
As  the  spacing  of  the  trusses  increases,  the  weight  of  the  purlins  and 
bracing  per  square  foot  of  area  increases,  while  the  weights  of  the 
trusses,  the  columns  that  support  them,  and  the  girts,  or  members 
which  run  from  one  column  to  the  other  and  on  which  the  siding  of  the 
building  is  placed,  decrease.  The  most  economical  spacing  of  the 
trusses  is  such  as  Vv'ill  make  the  cost  of  the  above  quantities  a  mini- 
mum. It  is  evident  that  this  spacing  for  trusses  which  rest  upon 
masonry  supports  will  be  different  from  the  spacing  in  case  they  rest 
upon  steel  columns.  Attention  is  called  to  the  statement  that  the 
sum  of  the  costs,  instead  of  the  sum.  of  the  weights  of  the  above- 
mentioned  quantities,  should  be  a  minimum.  This  is  due  to  the  fact 
that  the  unit-cost  of  the  purlins  is  considerably  less  than  that  of  the 
trusses,  it  being  in  some  cases  only  about  one-half. 

The  spacing  of  trusses  is  sometimes  governed  by  local  conditions, 
such  as  the  placing  of  the  machinery  in  the  building  and  the  probable 
position  of  future  additions.  Considering  the  spacing  from  a  purely 
economical  standpoint,  it  is  probably  well  to  space  trusses  about  as 
indicated  in  Table  V. 

TABLE   V 
Spacing  of  Trusses 


Span,   in  Feet 

Spacixq,   in   Feet 

• 

10  to    30 

12 

30  to    60 

15 

60  to    75 

20 

75  to  150 

21  to  25 

The  spacing  indicated  in  Table  V  is  for  triangular  roof  trusses  of  equal  size 
and  span.     For  other  conditions — such  as  when  the  main  roof  consists  of 
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one  span,  and  the  side  roofs  consist  of  different  spans  and  different  classes  of 
trusses — the  economical  spacing  may  be  somewhat  different,  and  is  usually 
less. 

The  best  method  of  determining  the  economical  spacing  is  either 
to  make  a  comparative  design  or  to  consult  the  back  volumes  of 
The  Enginemng  Record,  Engineering  News,  or  some  other  good 
engineering  periodicals.  Designs  of  buildings  which  have  been  con- 
structed are  frequently  given  in  these  periodicals;  and  from  these  the 
student  may,  in  addition  to  the  spacing  of  the  trusses,  obtain  much 
other  valuable  information  regarding  roof  construction. 

Bulletin  No.  16  of  the  University  of  Illinois  Experiment  Station 
gives  a  systematic  study  of  roof  trusses,  and  shows  the  effect  on  the 
variation  in  the  weights  of  rafters  and  purlins  due  to  a  variation  in  the 
length  of  span.  This  bulletin,  which  can  be  had  free  for  the  asking, 
should  be  in  the  hands  of  the  student.  It  may  be  had  by  addressing 
"The  Director,"  Engineering  Experiment  Station,  University  of 
Illinois,  Urbana,  Illinois.  A  most  valuable  book  giving  a  systematic 
and  extensive  study  of  roof  trusses  and  mill  buildings,  is  "Steel  INIili 
Buildings,"  by  M.  S.  Ketchum,  Engineering  News  Publishing  Com- 
pany, New  York,  N.  Y. 

9.  Stresses  in  Roof  Trusses,  and  Sizes  of  Members.  Stresses  in 
roof  trusses  of  any  form  can  be  computed  by  the  methods  of  "Statics" 
(pp.  23  to  73).  On  account  of  the  ease  and  economy  of  manufacture, 
some  form  of  truss  is  usually  used  in  which  there  are  many  members 
with  equal  stresses.  The  Fink  truss,  or  some  modification  of  it,  is 
almost  universally  used  (see  Fig.  1,0,(1,  e,  /).  On  pages  21  and  22  are 
shown  some  forms  of  trusses,  together  with  the  pitches  which  are 
commonly  used. 

The  stresses  in  the  various  members  due  to  a  vertical  panel  load 
of  one  pound  are  given.  To  obtain  the  stress  in  that  member  due 
to  any  other  vertical  panel  load,  multiply  the  stress  here  given  by  the 
vertical  panel  load. 

For  example,  if  the  stresses  in  VJj^^  (Fig.  24)  or  LJj^  (Fig.  31) 
due  to  a  panel  load  of  3  000  pounds,  were  required,  they  would  be 
determined  as  follows : 

U^  L^  (Fig.  24)     3  000  X  -  1 .  73  =   -  5  190  pounds. 
Lo  Li  (Fig  31)     3  000  X  +  5 .  00  =+  15  000  pounds 

These  diagrams  are  especially  useful,  since  it  is  the  custom  of 
many  engineers  not  to  compute  the  stresses  due  to  wind,  snow,  and 
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Built  in  1901.    For  Other  Views,  See  Opposite  Page. 
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Fig.  30.  Fig.  31. 

Analysis  of  Stresses  in  Various  Members  of  Fink  Truss  Due  to  Unit-Loads. 


235 


ROOF  TRUSSES 


Angle  30''      f  .  oM§^ 
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Fig.  32. 


Fig.  33. 
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Fig.  34. 


Fig.  35. 
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Fig.  36. 


i  Pitch 


Fig.  37.  Fig.  38. 

Analysis  of  Stresses  in  "Various  Members  of  Fink  Truss  Due  to  Unit-Loads. 
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dead  weight  of  roof  trusses  and  coverings,  but  to  compute  the  stresses 
due  to  a  dead  panel  load  caused  by  40  pounds  per  square  foot  of 
horizontal  projection.  The  stresses  resulting  from  this  procedure 
are  very  nearly  equal  to  those  produced  by  considering  the  various 
loads — as  snow,  dead  load,  and  wind — separately  or  together.  Wlien- 
ever  differences  occur,  they  are  on  the  safe  side,  except  as  noted  below, 
and  in  the  next  article,  in  case  of  the  stresses  produced  by  the  use  of 
knee-bracing. 

The  panel  load  to  be  used  when  40  pounds  per  square  foot  of 
horizontal  projection  is  considered, maybe  computed  from  the  formula : 

40  X  a  X  I 


in  which, 


P  = 

71 

a=  Distance  between  trusses,  in  feet; 

I  =  Span  of  truss,  in  f^et; 

n  =  Number  of  panels  in  top  chord  of  truss. 


For  example,  let  it  be  required  to  compute  the  panel  load  P  for 

the  truss  of  Fig.  24  when  the  span  is  70  feet  and  the  distance  between 

trusses  is  16  feet.     Here  a  ^  16;  I  =  70;  and  n  =  8. 

p      40  X  16  X  70       _  „. _  , 

P  =  — =  5  COO  ijounds. 

o 

The  truss  would  then  be  computed  for  a  vertical  panel  load  of  5  600 
pounds,  and  the  members  designed  to  withstand  the  stresses  thus 
obtained. 

This   method   is    applicable 
i  to  all  spans  up  to  100  feet  when 

the  truss  is  set  on  masonry  walls 
(or  steel  columns  built  in  mason- 
ry walls)  and  the  roof  covering  is 
of  corrugated  steel  or  any  of  the 
ordinary  materials,     \\liere  clay 

tile  or  slate  are  used,  50  pounds  ^'s-  39.  Aiiowance^for  stresses 

should  be  taken;  and  in  case  of 

concrete  slabs,  65  pounds  would  be  about  right.  It  is  better  practice 
to  compute  the  stresses  due  to  wind,  snow,  and  dead  loads  when 
clay  tile,  slate,  or  concrete  are  used. 

In  cases  where  the  roof  truss  is  placed  on  steel  columns  and  is 
connected  with  the  column  by  a  knee-brace  at  the  first  joint  (see 
Fig.  39),  stresses  caused  by  the  overturning  action  of  the  wind  take 
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place  in  those  members  shown  by  heavy  lines.  In  this  case  the 
stresses  caused  by  40  pounds  per  square  foot  of  horizontal  projec- 
tion are  not  large  enough;  but  the  truss  will  be  safe  enough  if  the 
stresses  as  determined  by  the  40  pounds  are  increased  by  the 
amounts  indicated  in  Fig.  39. 

For  example,  let  the  truss  of  Fig.  24  be  supported  by  steel  columns 
and  knee-bracing.  Let  the  span  be  60  feet,  and  the  distance  between 
trusses  16  feet;  and  let  it  be  required  to  compute  the  stresses  in  L^ 
U,  and  L,  U,.  Here  P=  (40  X  16  X  60)  --  8  =  4  800,  and  the  stresses 

will  be: 

Li  U^   (0 .  87  X  4  800)  X  2 .  10  =  +    8  350  pounds. 
L3  U^    (2  .60  X  4  800)  X  1 .50  =  + 18  700  pounds. 

In  addition  to 
the  above  condi- 
tions, shafting, 
heating  appara- 
tus, small  cranes, 
and  electric  war- 
ing and  other  con- 
ductors are  often 
attached  to  the 
lower  chord  of  the 
truss.  These  cause 
additional  stress- 
es. The  case  is 
that  of  a  concen- 
trated load  or 
loads  at  the  lower 
chord,  and  the 
stresses  may  be 
computed  by  the 
methods  given  in 
"Statics." 

For  example,  let  a  5-ton  hoist  be  connected  as  showTi  in  Fig.  40 
This  hoist  runs  longitudinally  of  the  shop,  or  perpendicularly  to  the 
plane  of  the  roof  truss.  The  maximum  stress  in  the  truss  due  to  this 
cause  will  occur  when  the  hoist  is  directly  beneath  the  truss.  The 
stresses  will  be  those  caused  by  a  load  of  10  000  pounds  at  the  second 
panel  point  of  the  lower  chord.     Fig.  40  gives  the  stress  diagram  for 
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Fig.  40, 


Fink  Truss  Loaded  with  5-Ton  Hoist ;  also 
Stress  Diagram  of  Same. 
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TABLE  VI 
Hoist  Stresses  in  Fink  Truss 


Member 

5tre5S 

Member 

Stress 

L0U4- 

-15  350 

UU4- 

+  IZ50G 

LoLz 

+  13  700 

U4.  L'o 

-  6  900 

L'z  L'o 

+  6  100 

All  Others 

0 

this  condition,  and  Table  VI  gives  the  stress  record.  From  this  it  is 
seen  that  the  hoist  docs  not  affect  all  members  of  the  truss.  The 
stresses  due  to  the  hoist  should  be  added  to  those  caused  by  the  40 
pounds  per  square  foot  of  horizontal  projection,  and  the  member 
designed  accordingly.  Of  course,  if  the  stress  caused  by  the  hoist 
decreases  the  stress  caused  by  the  40  pounds,  the  member  must  be  de- 
signed for  the  stress  due  to  the  40  pounds. 

Note  that  concentrated  loads,  as  in  the  case  of  the  hoist,  cause 
different  stresses  in  symmetrical  members  on  the  two  sides  of  the 
truss.  In  the  final  design,  the  members  are  made  the  same,  being 
designed  for  the  greatest  stress.  This  is  done  for  the  sake  of  economy 
in  manufacture;  and  besides,  it  might  be  desirable  to  change  the 
hoist  to  the  other  side  of  the  truss. 

For  Fink  trusses  with  pitches  of  from  ^  to  ^,  and  spans  of  less 
than  100  feet,  very  light  angles  are  usually  required  for  the  members, 
unless  heavy,  concentrated  loads  are  placed  on  the  lower  chord.  The 
thickness  of  the  connection  plates  is  seldom  more  than  f  inch,  the  top 
chord  angle  seldom  greater  than  5  by  3^-inch,  the  lower  chord  angle 
seldom  greater  than  3  by  3-inch ;  and  the  web  members  are  usually 
composed  of  angles  either  2  by  2-inch  or  2^  by  2|inch.  It  appears 
to  be  the  rule,  in  present  practice,  to  make  the  sizes  such  that  the 
thickness  shall  be  i  or  y\  inch.  Connection  plates  for  spans  up  to 
60  or  70  feet  are  usually  |-  inch  thick,  except  in  the  case  of  that 
at  point  Lq. 

The  stresses  in  knee-braces  depend  upon  the  height  and  also  the 
width  of  the  building.  The  stresses  may  be  computed  according  to 
the  methods  of  the  next  article,  and  the  knee-bracing  should  be 
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designed  accordingly.  The  inspection  of  a  number  of  plans  seems  to 
indicate  that  the  sizes  of  knee-braces  vary  from  two  angles  2^  by  2^ 
by  J-inch  for  spans  of  30  feet  and  a  height  of  building  of  35  feet,  to 
two  angles  4  by  3  by  yVi^ch  for  a  span  of  70  feet  and  a  height  of 
building  to  the  top  of  the  truss  of  75  feet. 

In  case  of  roof  trusses  with  the  chords  nearly  parallel  (see  Fig. 
3,  p.  2),  the  stresses,  on  account  of  the  small  depth,  are  usually 
quite  large,  and  much  heavier  members  than  above  mentioned  are 
required.  In  some  cases,  6  by  6-inch  angles  with  8-inch  plates  are 
used,  and  connection  plates  of  f  to  ^  inch  are  common. 

In  cases  where  the  trusses  are  subjected  to  the  action  of  corrosive 
gases,  the  thickness  of  the  members  should  be  made  greater  than  that 


Fig.  41.    Bending  Tendency,  Ends  Free. 


Fig.  43.    Bending  Tendency,  Ends  Fixed. 


required  by  the  design  alone,  since  corrosion  will  decrease  the  section 
considerably,  and  this  should  be  allowed  for. 

10.  The  Steel  Truss=Bent.  When  a  truss  is  connected  to  steel 
columns  at  its  ends  and  by  means  of  knee-bracing  (see  Fig.  39),  it 
forms  what  is  called  a  steel  truss-bent.  The  stresses  in  the  truss 
due  to  the  roof  covering  and  snow  loads  are  the  same  as  when  it  is 
supported  by  a  masonry  wall ;  but  the  wind  stresses  are  different.  The 
wind  blowing  on  the  roof  and  also  on  the  sides  of  the  building,  causes 
stresses  in  the  truss.  The  wind  on  the  building  is  transferred  to  the 
columns,  which,  by  means  of  the  knee-braces,  cause  stresses  in  the 
truss.  The  whole  bent  tends  to  bend  as  shown  in  Fig.  41  if  the  ends 
of  the  columns  rest  on  masonry  pedesta^ls.  If  the  ends  of  the  columns 
are  securely  bolted  to  heavy  masonry  pedestals  so  that  the  ends  of 
the  post  will  remain  vertical,  they  will  tend  to  bend  as  shown  in  Fig. 
42.  In  the  first  case,  the  overturning  is  resisted  by  the  bending  of  the 
post  as  shown  at  b  and  6'  (Fig.  41);  in  the  second  case,  by  bending  as 
at  b,  c,  b',  and  c'  (Fig.  42).  Since  the  post  is  the  same  size  throughout, 
and  the  bending  caused  by  the  wind  the  same  in  both  cases,  the  bend- 
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ing  moment  in  the  post  at  b  and  6'  (Fig.  41)  is  less  than  what  it  is  at 
b  and  b'  (Fig.  42),  as  in  the  first  case  there  are  only  one-half  the  num- 
ber of  points  to  withstand  the  total  bending  that  there  are  in  the 
second  case. 

The  wind  blowing  on  one  side  of  the  building  causes  a  compres- 
sive stress  in  the  column  on  the  leeward  side  (the  side  opposite  that  on 
which  the  wind  blows)  and  a  tensile  stress  in  the  column  on  the  wind- 
ward side  (the  same  side  on  which  the  wind  blows).  It  also  creates  a 
bending  moment  as 
mentioned    above;  ;\^ 

and  this,  as  well  as 
the  direct  stresses, 
must  be  taken  into 
account  when  the 
post  is  designed. 
The  case  is  that  of 
a  member  under 
direct  compression 
and  bending  at  the 
same  time. 

The  stresses  in 
the  knee-braces  and 
the  columns,  and  the  bending  in  the  columns  when  the  ends  of  the 
posts  are  not  fixed,  may  be  computed  from  the  following  formulae,  in 
which, 

W     =  Total  wind  load  perpendicular  to  the  roof; 

TFh  =  Horizontal  component  of  W; 

TFv  =  Vertical  component  of  W; 

Wi    =  Total  wind  load  on  the  side  of  the  building; 

w    =  Unit  wind  load  normal  to  the  roof; 

Wi    =  Unit  wind  load  normal  to  the  side  of  the  building; 

a    =  Distance  between  trusses,  in  feet. 

These  and  other  characters  are  shown  in  Fig.  43. 


Fig.  43.    Notation  for  Formulfe,  Ends  Free. 


w 

=  wayjr"-+  i^y 

w. 

=  Wi  ah 

H 

TFh  +  W, 
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T^4  +  I^h  (/»  +  ^  )  +  w.  ^ 

Sb'e'  =  — =  V~ 

e  ^ 

-Sbc  =  +  — i  =  V, 

Oa'b'  = ■ 

e 

e 

Bending  moment  at  t  =  i/,  —  TT\  (-;^ ni) 

Bending  moment  at  h'  =  H2  n. 

The  stresses  in  the  truss  caused  by  the  wind  are  the  same  as  if 
it  were  under  the  action  of  the  normal  wind  load  W,  and  in  addition 
two  concentrated  loads  equal  in  intensity  and  direction  to  the  stresses 
in  the  knee-braces  and  at  the  same  point  of  application,  and  two 

forces  £j  and  E^,  which  may  be 
computed  as  follows: 

m 

Hi  n-W,  (—-  -m) 
44.    Application  and  Direction  of  the  jp f 


Exterior  forces. 


For  the  points  of  application  for  these  loads  and  for  their  direction, 
see  Fig.  44.  The  stresses  can  now  be  computed  by  the  method  of 
Statics. 

The  diagram  for  such  a  truss-bent  is  given  in  Fig.  45.  The  span 
is  60  feet,  the  rise  \,  the  distance  between  trusses  16  feet;  and  the 
wind  pressure  is  taken  as  18  pounds  per  square  foot  normal  to  the 
roof  surface,  and  20  pounds  per  square  foot  normal  to  the  sides. 
In  this  case, -w  =  18  pounds;  a  -=  16  feet;  r  =60  -^  4  =  15  feet;  w  = 
20  pounds;  h  =  20  feet;  7i  =  14  feet;  m  =  6  feet;  and  /  =  60  feet. 
The  length  of  LJJ^  is  readily  computed  to  be  33.5  feet;  L^  L^,  9.1  feet; 
and  e  =  5  feet.  The  values  of  the  quantities  and  stresses  are  com- 
puted as  follows  (see  Fig.  46) : 

W    =  18  X  16  V302  +  15-  =  9  G50  pounds. 

TTj  =  16  X    20  X  20  =  6  400  pounds. 

TFh  =  (9  650  ^33.5)  X  15-  =  4  320  pounds. 

W.^  (9  650  -  33.5)  X  30  =  8  650  pounds. 

t£i  =  H^=  (4  320  +  6  400)  h-  2  =  5  360  pounds. 
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5  360X20-6  400X10      ^^„,„  , 

(Sab  =  -I =  +  8  040  pounds. 

5 

c,       5  360  X  20    ...  ,  ,„     , 
Sa'b'  = ,; =  —  21  440  pounds. 

P  5  360X14  ,.^   rnf^  A 

El  =       ^ =  12  520  pounds. 

„  5  360  X  14  -6  400X  4       _  .,  ,.  , 

Z?o  =       i =  8  240  pounds. 

0 

The  horizontal  and  vertical  components  of  the  stresses  in  the 
knee-bracing  should 

now  be  computed.  ^^\o      \ 

They  are:  ^f      \j^' 

For 'a6:  horizon-  <l^^        \^" 

tal,    7  240;     vertical,    &Z40    b  \^ 
4  760  pounds. 

For  a'¥ :  hori- 
zontal, 17  900;  verti- 
cal, 11  800  pounds. 

As  a  check  upon 
the  computations, 
the  sum  of  the  val- 
ues of  jEj,  E^,  and 
W^  should  be  equal 
to  the  sum  of  the 
horizontal  compo- 
nents of  the  knee- 
braces.      By    sum-  1-ws.i-lj-w-^  "^2fei4i3 

mmg  up   the  above        p^g,  45,    stress  Diagram  of  Truss-Bent  under  Wind  Load. 

values,    it    will    be 

seen  that  they  check  by  SO  pounds,  which  is  less  than  0.4  of  one  per 

cent  and  is  a  close  enough  check  (see  Figs.  4G  and  47). 

To  obtain  the  vertical  reactions,  proceed  as  with  a  simple  truss. 
For  jR„  take  the  center  of  moments  at  L^  (see  Fig.  47).     Then: 

72,  =Jl-^  8  650  X  15  +  4  320  X  7.5  +  4  760  X  9.1  -11  800  X  (00-  9.1)} 
60  '  ' 

=   —  0  514  pounds. 
The  negative  sign  indicates  that  the  reaction  acts  downward;  that  is, 
the  truss  must  be  riveted  to  the  post  at  L^,  or  the  end  of  the  post 
would  be  lifted  off  the  top  of  the  column. 
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For  R^,  the  center  of   moments  is  at    L^,  and   the  resulting 
equation  is: 


GO  ^ 


•11  800X9.1  +  8650(60  -  15)-4320  X  7.5  +  4  760(60-9.1)} 


= +8  180  pounds. 
The  bending  moment  at  b  is: 

A/b  =  14  X  5  360  -  4  X  6  400  =  49  440  pound-feet; 

and    the    bending 
moment  at  6' is: 

Mh-  =  5  360  X  14 
=75  040  pound-feet. 

The  forces  in 
their  proper  di- 
rection are  now 
placed  on  a  dia- 
gram of  the  truss 
(Fig.  47),  and  the 
stresses  are  solved 
by  the  method  of 
Statics.  The  stress 
diagram  is  given 
in  Fig.  45,  and  the 
stress  record  in 
Table  VII. 

The  above  for- 
mula are  for  cases 
when  the  columns 
are  free  at  the 
lower  end.  When 
the  columns  are 
not  free,  they  are 
called  fixed;   that 

Fig.  47.  Position,  Direction,  and  Intensity  of  Exterior  Forces.  ^S,  tliey  are  Sup- 
posed to  be  so 
tightly  connected  that  they  cannot  move  when  the  post  bends  as 
shown  in  Fig.  42.  In  such  cases  the  result  is  the  same  as  if  the 
columns  were  shortened  by  an  amonut  n  -r-  2,  and  the  following 
formuloe  result  (see  Fig.  48) : 


Fig.  46.    Position,  Direction,  and  Intensity  of  Wind  Forces, 
Ends  Free. 
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TABLE  VII 
Stress  Record  of  Truss=Bent  under  Wind  Load 


Member 

Stress 

Member 

Stress 

x-z 

-15  700 

9-10,  !i-IZ 

4-  6  500 

X-3 

-15  700 

12-13,14 

-15  300 

X-6 

-10  700 

Y-4 

+   6  500 

X-7 

-10700 

Y-8 

-    1  900 

X-9 

-f-    1  500 

Y-IZ 

-  9  600 

X-/3 

-M  5400 

13.14-15 

-    1  300 

1-2 

+    5  ZOO 

1-Y 

-t   8  640 

Z-3 

-    Z4I0 

15-Y 

-Z  1  440 

3-4 

■i-    Q  500 

A-l 

-  8  180 

4-5 

-    7  500 

C-15 

+  6  514 

5-6 

+    2  700 

b-c 

-  3457 

6-7 

-    2410 

b'-c 

-  5  193 

7-8 

-f  II    000 

9-IO-JI 

0 

8-9 

-   7  600 

13-14 

0 

V'-^  +  c^ 


u;i  a  ( ?n  +  -^) 


=  H.= 


Wu  +  TT'', 


lSab=    + 


H.(m+-^)-W,(^) 


m         n 


iSbc=  + 


TF,  (|  +  ^ )  +  n-h  ( "I  +  ^  +  ~2- )  -  TT^ 


.    3^ 


/Sb'c'  = 


T^a?+  ^)  +  m.(m  +  -J+  -f)  +  TF.i 


H. 


2  m 
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£,,  =  

7)1 

Bending  moment  at  b=  il/i,  =  Hi  -^ TT,  (— — ) 

Bending  moment  at  b'  =  M\>>  =  Hn  —^. 

For  the  truss-bent  of  Fig.  45,  when  the  columns  are  fixed  at  the 
base,  the  stresses  are  the  same  as  if  the  cohimns  were  shortened  by  an 
amount  n  -t-  2,  as  above  mentioned.  The  bent  would  then  appear  as 
in  Fig.  49,  and  the  values  of  the  various  stresses  and  the  quantities, 
together  with  their  points  of  application,  are : 

TT    =  18  X  16\/30-+  15^  =  9  650  pounds,  as  before. 

T7,  =  13  X  16  X  20  =  4  160  pounds. 

„          „        4  160  +  4  320       .  _,-  , 

Ui    =  H^  =  -^ =  4  240  pounds. 

Q  ,   4  240  X  13-4  160  X6.5        _^.r^cK  A 

Oab  =    -\ z =   +5  616  pounds. 

5 

„  4240X13  ^^_^,  , 

oa'b'= =   —  11  0.^4  pouncis. 

o 

^             ,4160X7  +  4320X20.5-8650X45  ,  ^^^  , 

Obc   =    4 w^ =  —  4  526  pounds. 

„                4  160X7  +  4320X20.5+8  650X15  ,  ,„,  , 

Ob'c'=    —  • pTj • =   —  4  124  pounds. 

^               4  240  X  7        ^  ..„  , 

£^1    =        ~ =  4  94/  pounds. 

„                4  240  X  7  -  4  160  X  0.5        ,  ^^^  , 

E^    =        ^ =  4  600  pounds. 

Mb   =       4  240  X  7  -  4  160  X  0.5  =  27  600  pound-feet. 
Mb'  =        4  240  X  7  =  29  680  pound-feet. 

The  stresses  in  the  bent  are  then  computed  in  a  manner  similar 
to  that  used  when  the  columns  are  fixed,  E^,  E^,  and  the  stresses  in 
the  knee-braces  being  attached  to  the  truss  as  concentrated  loads. 

Since  in  this  case,  E^,  E^,  and  the  stresses  in  the  knee-braces  are 
less  than  they  are  when  the  columns  are  free  at  the  base,  the  wind 
stresses  throughout  the  truss  will  be  less  when  the  columns  are  fixed 
than  when  they  are  free. 

On  account  of  the  difficulty  of  fixing  the  ends  rigidly,  it  is  advis- 
able always  to  consider  the  ends  free  and  to  compute  the  stresses 
accordingly. 

The  student  is  advised  not  to  take  the  trouble  of  determining 
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the  wind  stresses  in  trusses  of  steel  truss-bents  by  the  method  given 
above,  but  to  use  the  40  pounds  per  square  foot  of  horizontal 
projection  and  to  correct  the  stresses  as  previously  mentioned  (see 
Fig-  39). 

The  formulae  of  this  article  giving  the  stresses  in  the  knee- 
bracing  and  the  bending  moment  in  the  columns,  should  be  used  in 
all  cases,  and  the  posts  and  knee-braces  designed  according  to  the 
stresses  so  determined. 

In  cases  where  the  40  pounds  per  square  foot  is  used,  the  direct 
stress  in  each  column  is: 


S  = 


40  X  g  X  Z 
2 


Fig.  48.    Notation  for  FormuUe, 
Ends  Fixed. 


and  the  column  should  be  de- 
signed for  this  stress,  together 
with  the  stress  due  to  the  bend- 
ing at  the  point  where  the  knee- 
brace  joins  the  column.  See 
"Strength  of  Materials,"  pp.  85 
and  86. 

In  case  a  crane  is  attached 
to  either  the  truss  or  the  column, 
the  stresses  due  to  its  action  must 
be  considered  in  the  design. 

11.  Suspended  Loads.  Un- 
der this  head  come  any  loads 
which  may  be  suspended  from 
the  lower  chord  of  the  truss. 
The  load  may  not  be  actually 
suspended  from  the  underneath 
part,  but  may  be  placed  above, 

and  the  connections  so  arranged  as  to  bring  the  weight  on  the 
lower  chord.  This  weight  should  preferably  be  concentrated  at 
a  panel  point.  In  case  it  cannot  be  brought  directly  to  the  panel 
point,  it  may  be  distributed  over  a  portion  or  all  of  the  panel.  In 
this  case  the  portions  distributed  to  the  adjacent  panel  points  are 
computed,  and  they  are,  for  purposes  of  computation,  considered  as 
concentrated  loads  at  the  panel  points.  The  sections  of  the  chord 
over  which  these  loads  are  distributed  are  in  the  condition  of  direct 


Fig.  49.    Position,  Direction,  and  Intensity 
of  Wind  Forces,  Ends  Fixed. 
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tension  and  bending,  and  must  be  designed  for  such  stresses  (see 
"Strength  of  Materials,"  pp.  S5  and  S6). 

The  suspended  loads  may  consist  of  small  hand  cranes;  shafting 
for  transmission  of  power;  heating  apparatus,  such  as  steam  or  hot-air 
pipes;  water  or  compressed-air  tanks ;  or  platforms  on  which  stand  the 
operators  for  the  cranes  or  hydrauhc  Hfts.     Figs.  50  and  51  show 

trusses  with  vari- 
ous forms  of  sus- 
pended loads  at- 
tached. 

12.  Details  of 
Roof  Trusses. 
The  spans  of  tri- 
angular roof  truss- 
es of  the  Fink  t}*pe 
are  usually  less 
than  100  feet,  and 
the  spans  of  roof 
trusseswithchords 
nearly  horizontal 
are  seldom  greater 
than  50  feet.  For 
trusses  of  such 
spans  the  details 
are  almost  stand- 
ard. Since  these 
spans  and  trusses 
constitute  a  large 
majority  of  those 
built,  only  the  details  of  such  trusses  will  be  considered  in  this  text. 
AMiere  trusses  rest  on  masonry  walls  or  on  light  columns  in 
masonry  walls,  pro%-ision  is  made  for  expansion  due  to  temperature. 
For  trusses  up  to  75  or  SO  feet,  slotted  holes  are  placed  in  the  end- 
bearing,  and  the  bearings  rest  directly  upon  another  plate.  Bolts 
are  fastened  to  the  masonry,  and  extend  upward  through  the  slotted 
holfes  and  have  nuts  on  their  ends.  The  nuts  hold  the  truss  securely 
to  the  wall,  while  the  slotted  holes  allow  the  bearing  to  move  backward 
and  forward  when  the  temperature  falls  or  rises.     The  slotted  holes 


Fig.  51. 
Various  Kinds  of  Susjtended  Loads. 
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should  he  ^  inch  in  length  for  every  ten  feet  of  span.  The  bolts  should 
not  be  less  than  ^  inch  in  diameter,  and  should  be  buried  in  the 
masonry  at  least  6  inches.  Fig.  52  shows  details  of  an  expansion 
bearing  of  this  character.  In  case  the  span  of  the  truss  is  greater 
than  75  or  80  feet,  a  roller  or  a 
rocker  bearing  is  used.  Figs.  53 
and  54  show  details  of  this  class 
of  bearings. 

For  convenience  in  refer- 
ences to  the  common  Fink  truss, 
the  following  notation  will  be 
used:  the  points  in  the  upper 
chord  are  given  the  letter  U,  with 
a  subscript  corresponding  to  the 
number  of  the  joint  from  the  left 
end.  The  lower  chord  and  in- 
terior joints  are  given  the  letter 
L,  with  a  subscript  correspond- 
ing to  the  number  of  the  joint 
from  the  left  end  (see  Figs.  24  to 
38).  The  advantage  of  this  system  of  notation  is  that  it  enables 
one  to  refer  to  any  particular  joint  by  the  use  of  the  letter  and  its 
subscript,   and  its  position  will  at  once  be  apparent  to  the  mind 

without  the  use  of  a  fig- 
ure. 

If  a  truss  rests  on  ma- 
sonry walls,  three  meth- 
ods of  making  the  details 
atX^are  in  common  use. 
These  are  shown  in  Figs. 
55,  56,  and  57.  The  de- 
tail shown  in  Fig.  55  is 
the  most  commonly  used ; 
but  its  use  is  not  advised 
unless  a  sufficient  number  of  rivets  are  placed  in  the  members  to  take 
up  both  the  direct  stress  and  that  due  to  the  fact  that  the  point  of 
application  of  the  reaction  does  not  coincide  with  the  intersection 
of  the  center  lines  of  the  chord  members. 


2e  =  Allowance  for  Expansion 

Fig.  53.    Slotted-Hole  Expansion  Bearing. 


ll)irm!ll!Jl)))ni^\//'i/ 


Fig.  53.    Roller  Expansion  Bearing. 
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Fig.  54.    Rocker  Expansion  Bearing. 

In  case  the  bearing  shown 
in  Fig.  55  is  used,  the  number  of 
rivets  in  L^  L^  may  be  calcu- 
lated from  the  equation : 


Fig.  56. 


n~v  —  Rn  — 


6  Re 


in  which, 

n  =  Number  of  rivets  required; 

V  —  Allowable  stress  on  one  rivet ; 

R  =  Vertical  reaction ; 

p  =  Rivet  spacing,  in  inches; 

e  =  Distance  as  shown  in  Fig.  55. 


Fig.  57. 
Details  of  Ends  ol  Roof  Trusses. 


If  the  number  of  rivets  in  L^  U^  is  desired,  it  may  be  calculated 
from  the  equation: 

V 


Sn 


in  which  S  is  the  stress  in  L^  U^,  e  the  distance  shown  in  Fig.  55,  and 
the  remaining  notation  as  above. 

If  the  point  of  application  of  the  reaction  coincides  with  the 
intersection  of  the  center  lines  of  the  top  and  bottom  chords,  the 
number  of  rivets  required  to  withstand  the  direct  stress,  which  is  the 
only  stress  would  be  equal  to  the  stress  in  that  member  divided  by 
the  allowable  stress  in  one  rivet. 
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In  order  to  illustrate  the  use  of  the  above  equation,  and  to  bring 
out  the  fact  that  more  rivets  are  required  when  the  point  of  applica- 
tion of  the  reaction  does  not  coincide  with  the  intersection  of  the  upper 
and  lower  chords  than  when  it  does  coincide,  an  example  will  be 
solved.  The  stresses,  the  thickness  of  the  connection  plate,  and  the 
distance  of  the  point  of  application  of  the  reaction  from  the  inter- 
section of  the  chord,  are  as  shown  in  Fig,  58. 

It  will  be  assumed  that  the  chords  consist  of  two  angles  each; 
and  since  this  is  the  case,  the  allowable  unit-stress  in  one  rivet  will  be 


^ 

<^  ^  AOO 

r 
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Fig.  58.    Data  for  Example  on  Page  37 


Fig.  59.    Eave  Detail  for  Fig.  57 


3  750  pounds,  the  value  of  a  |-inch  rivet  in  bearing  in  a  J-inch  plate 
when  the  allowable  unit  bearing  stress  is  20  000  pounds  per  square 
inch.  If  the  point  of  application  of  the  reaction  coincides  with  the 
intersection  of  the  two  chords,  the  number  of  rivets  required  will  be: 


For  L„  [/i    ^|-^  =  12.00  rivets. 

^       ^     ^      40  000        in  p-    .      , 
For  Lo  Li    -o-r-yT,  =  10.67  rivets. 


Since  the  point  of  application  of  the  reaction  does  not  coincide 
with  the  intersection  of  the  chord,  the  number  of  rivets  required  in 


Jj^  U^  is ; 


3  750  n-  -  45  000  7i  = 


6  X  45  000  X4.44 


the  spacing  being  3  inches;  dividing  by  3  750,  we  have: 

n-  -  V2n  =  106.  5G. 
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Completing   the  square  and   solving  for  n,  there  is  obtained: 


?i  =  6  +  I    142.56  =  17.9,  say  18  rivets. 
The  number  of  rivets  rec juired  in  Lg  L^  is : 

o  --n     -         onnnn             ^   X  20  000   X  10 
3  /  oO  71-  —  20  000  ?!  = I! 


n 


r 


=i!= 


n 


,^ 


r 


il' 

Uu 


nr 


Details  of  Tops  of  Columns. 


Fig.  61. 


Fig.  63. 


and  dividing  by  3  750  and  completing  the  square,  there  results: 


?i  =  2.67    +  \  113.75=  13.32,  say  14  rivets. 

Inspection  of  the  above  results  shows  that  when  the  point  of 
a-pplication  of  the  reaction  is  placed  10  inches  from  the  intersection  of 
the  chords,  it  requires  6  more  rivets  in  the  upper  chord  and  3  more 
rivets  in  the  lower  chord  than  would  be  required  if  the  point  of  appli- 
cation of  the  reaction  coincided  with  the  intersection  of  the  chords. 
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The  detail  just  discussed  is  a  very  convenient  one,  and  is  very 
commonly  used;  but  in  most  cases  no  allowance  is  made  for  the 
additional  rivets  required  because  of  the  fact  that  the  reaction  does  not 
coincide  with  the  intersection  of  the  chord  members.  The  student 
should  always  compute  the  rivets  by  the  formulae  given  above,  since 
it  is  very  evident  that  neglect  to  do  so  causes  the  joint  to  be  exceed- 
ingly weak,  in  some  cases  as  much  as  50  per  cent,  as  is  shown  in  the 
case  of  Xq  L^  in  the  above  problem. 

Fig.  56  is  excellent,  but  the  length  of  the  bearing  plate,  which 
should  be  as  long  as  the  connection  plate,  is  liable  to  become  greater 
than  the  width  of  the  wall.  In  such  cases  the  detail  shown  in  Fie;. 
57  is  to  be  used.  The  objection  raised  to  these  details  is  that  the  end 
connection  plate  prevents  the  placing  of  a  purlin  near  the  end  of  the 
roof  truss.  In  case  sheathing  is  used,  this  oljjection  does  not  hold 
good,  since  the  overhanging  sheathing  will  reach  to  the  end  of  the 
truss  and  form  a  good  eave  detail,  as  shown  in  Fig.  59. 

When  the  roof  truss  rests  on  steel  columns  which  are  composed 
of  latticed  angles,  the  connections  may  be  made  as  shown  in  Figs. 
60  and  61.  Fig.  60  is  preferable,  because  it  gives  a  more  rigid  con- 
nection than  is  given  by  Fig.  61.  If  the  columns  consist  of  two  panels 
placed  close  together,  back  to  back,  the  same  details  may  be  used.  If 
the  column  consists  of  one  I-beam  or  of  two  channels  placed  back  to 
back  at  some  distance  apart,  then  details  shown  in  Figs.  62  and  63 
may  be  used. 

Where  one  member  is  joined  to  another  and  makes  an  angle  or  is 
perpendicular  to  it,  then  details  as  shown  in  Figs.  64  and  65  may  be 
used.  It  is  not  good  practice  to  cut  the  angles  as  shown  at  h  in  Fig. 
65;  a  is  a  better  detail.     No  joints  should  have  less  than  two  rivets. 

In  places  where  three  members  meet,  and  two  make  the  same 
angle  with  one  of  the  others,  the  details  should  be  made  as  shown  in 
Fig.  66.  The  leg  of  the  angle  which  is  not  joined  to  the  plate  should 
always  be  upward.  This  prevents  the  dust  and  dirt  from  becoming 
mixed  with  the  moisture  and  running  or  jarring  down  into  joints  at 
the  lower  ends  of  the  members. 

At  L^  and  L^,  square  plates  (see  at  left.  Fig.  67)  should  be  used 
where  possible.  If  the  stresses  are  such  that  more  rivets  are  required 
in  one  member  than  in  the  other,  then  the  plate  should  be  cut  as 
shown  at  right  in  Fig.  67. 
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At  i,  the  splice  occurs,  since  Fink  trusses  are  usually  shipped 
in  two  parts.  In  addition  to  the  vertical  connection  plate,  which 
also  acts  as  a  splice  plate,  the  bottom  plate  is  used  (see  Fig.  68). 
Rivets  shown  in  black  indicate  that  the  holes  are  left  open,  the  pieces 
in  which  they  occur  are  shipped  separately,  and  then  are  riveted 
together  at  the  place  where  the  truss  is  put  up. 

In  some  cases  where  the  member  L.^  L^  is  long  enough  to  sag 


Fig.  GU 


Fig.  66. 


Fig.  65. 
Details  of  Roof  Truss  Connections.     See  also  Figs.  67  and  68. 

considerably,  or  where  it  is  desired  to  connect  a  load  (such  as  a  hand 
hoist)  at  its  center,  a  vertical  U^  M  is  run  from  U^  and  connected  to 
the  lower  chord.  No  stress  is  caused  in  this  member  by  any  load 
except  the  load  at  M,  in  which  case  the  stress  is  equal  to  that  load. 
If  a  load  is  at  M,  it  will  cause  stresses  in  other  members  of  the  truss, 
the  stresses  in  the  truss  being  the  same  as  if  the  dead  panel  load  at 
U^  were  increased  by  an  amount  equal  to  the  load  at  M. 
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Fig.  67. 


The  general  details  of  a  Fink  truss  are  shown  in  Plate  I  (p.  43) , 
Plate  II  (p.  60),  and  Plate  III  (p.  61). 

In  case  the  building  is  devoted  to  some  purpose  wherein  no 
smoke  or  noxious  gases  are  produced,  some  form  of  ijatent  ventilator 
may  be  used.  One  very 
excellent  make  is  shown 
in  Fig.  69 — called  the 
Star  ventilator  (INIer- 
chant  &  Co.,  Philadel- 
phia, Pa.).  These  ven- 
tilators are  made  from  2 
to  60  inches  in  diameter 
at  the  lower  portion, 
where  they  fit  to  the 
ridge  of  the  roof.  Fig. 
70  shows  one  of  them  in 
position  on  a  roof.  The 
number  and  size  of  these 
ventilators  depend  of 
course  upon  the  number 
of  times  per  hour  it  is  desirable  to  change  the  air  in  the  shop. 
In  case  the  shop  is  for  such  purposes  that  smoke,  gases,  or  noxious 
fumes  of  any  kind  are  produced,  it  is  desirable  to  have  some  channel 

for  ventilation 
which  is  consider- 
ably larger  than 
those  given  by  the 
pa  tent  ventilators. 
In  such  cases  the 
ventilation  is  usu- 
ally obtained  by 
a  small  house- 
shaped  construc- 
tion called  a  laniern,  monitor,  ot  ventilator  (see  Fig.  71).  The  sides 
of  these  ventilators  may  be  fitted  with  louvres  or  windows,  or  left 
open.  Louvres  may  be  made  either  of  wood  or  of  corrugated  or 
plain  bars.  For  details  of  monitors  and  louvres,  see  Figs.  124,  125, 
and  120. 


Fi2 


Details  of  Roof  Truss  Connections. 
See  also  Figs.  64,  65,  and  66. 


Fiff.  69.    Details  of  "Star"  Ventilators. 
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0  □  mm 


Fig.  70.  "Star"  Ventilators  on  a  Roof. 


Fig.  73. 


Detail  of  Window  in  Saw-Tooth 
Roof. 


Fig.  71.    Detail  of  a  Monitor  Ventilator. 


In  order  to  admit  sufficient 
light  into  the  building,  part  of  the 
roof  of  buildings  over  SO  feet 
wide  must  be  made  of  glass,  since 
the  amount  of  light  admitted  from  the  sides  of  the  building  is 
not  sufficient  to  light  up  those  parts  of  the  shop  near  the  center 
of  the  trusses.  In  some  cases  the  saw-toothed  truss  is  used,  in 
which  case  the  entire  surface  of  the  short  rafter  is  covered  with  glass. 
In  case  the  ordinary  triangular  roof  truss  is  used,  a  portion  of  the 
roof  covering  must  be  made  of  glass,  so  put  on  as  to  prevent  leakage 
and  also  to  prevent  the  moisture  which  forms  on  the  under  side  of 
the  glass  from  dropping  in  the  shop.  Fig.  72  shows  the  glass  in 
place  on  a  saw-toothed  roof;  and  Figs.  73  and  74  give  the  details  of 
several  methods  of  securing  glass  on  the  roof  so  that  no  leakage  or 
condensation  will  get  onto  the  shop  floor.  The  glass  area  should  be 
from  -jV  to  J  of  the  floor  area. 

13.   Specifications  for  Roof  Trusses  and  Steel  Buildings.     In  case 
of  an  important  structure,  special  specifications  are  written,  embody- 
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ing  certain  fea- 
tures which  the 
experience  of  the 
engineer  in  charge 
indicates  as  neces- 
sary. For  ordi- 
nary structures, 
however,  several 
very  satisfactory 
specifications  are 
on  the  market. 
These  consist  of 
from  15  to  20 
pages,  bound  in 
paper,  and  may 
be  had  for  twenty- 
five  cents  a  copy. 
Two  very  satis- 
factory specifica- 
tions are  those  of 
Charles  Evan 
Fowler  and  Milo  S. 
Ketchum.  Either 
may  be  had  by  addressing  the  Engineering  News  Publishing  Company, 
New  York  City.  Fowler's  specifications,  in  addition  to  giving  speci- 
fications for  load  stresses  and  workmanship,  give  much  valuable  in- 
formation regarding  the  stresses 
in  different  kinds  of  trusses,  be- 
sides various  details  showing  the 
use  of  corrugated  steel. 

An  extended  set  of  specifica- 
tions is  not  required  for  the  de- 
sign of  ordinary  roof  trusses.  In 
addition  to  the  information  re- 
garding the  weight  of  trusses,  the  weight  of  roof  covering,  the  snow 
load,  and  the  wind  load,  the  use  of  Table  YIII  will  be  found  to  be  all 
that  is  necessary  in  order  to  design  cross-sections  of  the  various 
members,  once  the  stresses  are  determined. 


ght  Bor 


"Paradigm"  Method  of  Glazing. 


Glass 


Skylic^ht  Bar 

Fig.  74.    "  AntiPluvius  "  Method  of  Glazing. 
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TABLE  VIII 
Allowable  Unit=Stresses,  Medium  Steel 

For  Shear. 10  000  pounds  per  square  inch. 

For  Bearing 20  000 

For  Tension 15  000        "  "         "  " 

For  Bearing  of  Steel  on  Masonry 250  to  400       "  "        "  " 

For  Compression •.  .  . P  =  24  000  -  110  -. 

In  case  the  stresses  are  those  due  to  crane  loads,  the  unit-stresses  in^ 
tension  and  compression  indicated  in  Table  VIII  should  be  reduced  J  and  J 
respectively.       Members  of  the  lateral  bracing  and  their  connections  may  be 
allowed  an  increase  of  25  per  cent  over  the  unit-stresses  there  indicated. 

In  the  equation  above  given  "For  Compression,"  I  is  the  length  of 
the  member  in  inches,  and  r  the  least  radius  of  gyration.     The  ratio 

of  -   should  never  be  greater  than  120. 
r 

The  gauge  line  or  gauge  is  the  line  on  the  flange  of  a  shape,  on 

which  the  rivets  are  placed.     In  angles  and  channels  it  is  located  by 


Gage 
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Double  Gaqe 


Channel 


Gaqe    <^j^ 
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-e- 


^-= 


Single  6aqe 


I-  Beam 


Fig.  75.    Gauges  for  Angles,  Channels,  and  I-Beams. 

giving  its  distance  from  the  back  of  the  shape;  in  the  case  of  I-beams 
the  distance  between  two  gauge  lines  on  opposite  sides  of  the  web  is 
indicated.  Some  angles  have  double  gauge  lines,  in  which  case  the 
rivets  are  placed  first  on  one  and  then  on  the  other;  this  is  called 
staggering.    Fig.  75  shows  gauge  lines  for  various  shapes. 

Rivets  f  inch  in  diameter  are  generally  used  in  legs  of  angles  3  to 
4  inches  long  or  greater.  For  the  gauge  lines  and  the  maximum  sizes 
of  rivets  to  be  used  in  angles,  see  Table  IX.  For  similar  data  for 
channels  and  I-beams,  see  Carnegie  Handbook,  pp.  177-185. 

It  is  often  desirable  to  express  the  length  in  feet  instead  of  inches, 
in  which  case  the  formula  becomes: 

P  =  24  000  -  1  320  -. 
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TABLE    IX 
Gauges  and  Maximum  Allowable  Rivets  for  Angles 


1 


■%— w- 


3'  ,.9^.| 


4 

3 

2} 


Maxi- 

Maxi- 

mum 

Rivet 
OR   Bolt 

L 

» 

mum 

Rivet 
OR  Bolt 

L 

9 

1 

i 

3J 

2 

"8 

.      2 

li 

i 

3 

1| 

t 

1       1* 

1—1 

t 

21 

It 

1 

1* 

t 

t 

21 

If 

5. 

s 

li 

1 

i 

91 

-4 

H 

5 

0 

1 

A 

Maxi- 
mum 

Rivet  or 
Bolt 


L 

ffl                                  9:, 

1 

•^                                            ff.                                          92 

8 
7 
6 

3                       3            1 
2+                     3 
2i                     2* 

6*                     2J                     2i 
5                       2"                     IJ 

1 

♦When  thickness  is  |  inch  or  over. 

For  convenience  in  designing,  the  values  of  i  -^  r  should  be  plotted 
as  ordinates,  and  the  resulting  values  of  P  as  abscissae,  on  cross- 
section  paper,  and  the  curve  drawn  in.  Then  the  value  of 
P  for  any  given  value  of  L  -^  r  may  be  taken  at  once  from 
the  diagram  without  the  labor  of  substituting  in  the  above 
formula. 

The  bearing  value  of  a  rivet  in  a  plate  of  given  thickness  is  equal 
to  the  thickness  of  the  plate,  times  the  diameter  of  the  rivet,  times  the 
allowable  unit  bearing  stress.  The  value  of  a  rivet  in  single  shear  is 
equal  to  the  area  of  the  cross-section  of  the  rivet,  tijnes  the  allowable 
unit  shearing  stress.  The  bearing  values  of  rivets  of  different  diam- 
eter in  plates  of  different  thickness,  and  the  shearing  values  of 
rivets  of  different  diameter,  are  given  in  Table  X,  the  unit-stresses 
being  as  given  above. 
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TABLE  X 
Bearing  and  Shearing  Values  of  Rivets 


Diameter 
OF  Rivet 

Single  Shear 

(at  10  000  lbs. 

per  sq.  in.) 

Bearing  in  Different  Thicknesses  of  Plates 
(at  20  000  lbs.  per  sq.  iu.) 

(Inches) 

i  in. 

A  iH- 

i  in. 

I'a  in- 

iin. 

{b  in. 

fin. 

IB  in. 

^ 

1  960 

2  500 

3130 

3  750 

t\ 

2  480 

2  810 

3  520 

4210 

4  920 

f 

3  070 

3130 

3910 

4  690 

5  470 

1 1 
1^ 

3  710 

3440 

4  290 

5160 

6010 

6  880 

f 

4  420 

3  750 

4690 

5  630 

6  560 

7  500 

8  440 

i§ 

5  180 

4  070 

5  080 

6  090 

7110 

8120 

9150 

10  160 

i 

6  010 

4  380 

5  470 

6  570 

7  660 

8  750 

9  840 

10  940 

12  040 

DESIGN  OF  A  RIVETED  ROOF  TRUSS 

14.  Let  it  be  required  to  design  a  Fink  roof  truss  of  64  feet  span 
and  J  pitch,  the  distance  between  trusses  being  16  feet.  The  roof 
covering  is  taken  as  12  pounds  per  square  foot  of  roof  surface,  and  the 
total  snow  and  wind  load  will  be  taken  as  30  pounds  per  square  foot 
of  horizontal  projection.  The  weight  of  the  steel  in  the  roof  truss 
will  be  computed  from  Merriman's  formula  (see  Art.  4,  p.  G).  The 
total  weight  is  now  found  to  be: 


Weight  of  truss,  -^  X  16  X  64  (  1  + 


)  =      5  580  pounds. 


Weight  of  roof  cover,  35.6  X  2  X  16  X  12  =    13  650  pounds. 
Weight  of  wind  and  snow  64  X  16  X  30  =    30  700  pounds. 

Total  49  930  pounds. 

Each  apex  load  is  therefore  49  930  -t-  8  =  6  240  pounds.     By 

multiplying  this  value  by  each  of  the  stresses  as  given  in  Fig.  25,  the 

stress  in  each  member  is  computed  as  follows: 

Lo   [/,  =  7.83  X  6  240  =  48  800  pounds 
Lu   Li  =  7.00  X  6  240  =  43  700      " 
C/i  Li  =  0.89  X  6  240  =     5  580       " 
U,Uo^  7.38  X  6  240  =  46  000      " 


L,  U^  and  U. 

L, 

= 

1 

00 

X  6  240 

= 

6  240 

L, 

L, 

= 

6 

00 

X  6  240 

= 

37  450 

U, 

L, 

= 

1 

79 

X  6  240 

= 

11  150 

u. 

u. 

= 

6 

93 

X  6  240 

= 

43  200 

L, 

L, 

= 

4 

00 

X  6  240 

= 

24  950 

U 

L, 

= 

2 

00 

X  6  240 

= 

12  475 

u. 

L, 

= 

0 

89 

X  6  240 

= 

5  580 

L, 

u, 

= 

3 

00 

X  6  240 

= 

18  725 

u. 

u. 

= 

6 

48 

X  6  240 

= 

40  500 
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In  the  design  of  this  truss,  no  material  thinner  than  |-inch,  and  no 

angles  smaller  than  2^  by  2-inch,  will  be  allowed. 

Fig.  76  shows  an  outline  diagram  of  the  truss,  with  the  stresses 

placed  upon  it.     A  positive  sign  signifies  a  tensile  stress,  and  a  negative 

sign  signifies  a  compressive  stress.     The  length  of  the  top  chords  is 

1  '32'-  +  16=^  =  35.6  feet;  and  the 
length  of  each  panel  is  j  of  this, 
or  8 . 9  feet.  The  horizontal  pro- 
jection of  one  panel  is  j  of  half 
the  span,  or  32  -h  4  =  8  feet. 

Design  of  the  Purlins.  The 
distance  between  the  trusses  is 
16  feet,  and  the  distance  between 
the  purlins  is  8.9  feet;  therefore 
the  load  coming  on  one  purlin  is : 


Stresses  iu  a  Fiuk  Truss. 


Roof  covering,  8.9  X  16  X  12  =  1  710  pounds 
Snow  and  wind,  8  X  16  X  30    =3  840 

Total       =  5  550  pounds 

This  should  be  resolved  in  two  components,  T^and  H,  perpendicular 
and  parallel  to  the  truss  chord.  These  are  determined  by  the  pro- 
portions of  similar  triangles,  as  follows : 

V   :  5  550  =  32  :  35 . 6 

V  =  5  080  pounds. 
H  :  5  550  =  10  :  35.6 

//  =  2  490  pounds. 

The  bending  moment  caused  by  V  is  M,  =  (5  080  X  16)  -^  8  = 
10  160  pound-feet.  The  bending  moment  caused  by  H  is  Mh  = 
(2  490  X  16)  ^  8  =  4  980  pound-feet.     The  stress  caused  by  V  is  = 

and  there  is  also  the  con- 


^^vC           ,  ,1       ,                    ]  I      7:7-  •     ^^hC' 
— —  ;  and  the  stress  caused  bv  ri  is — 

/  "  /' 

dition  that  the  sum  of  these  two  stresses  shall  not  be  greater  than 
15  000  pounds.  Since  the  above  formula  involves  the  moment  of 
inertia  and  half  the  depth  of  the  beam,  a  beam  must  be  chosen,  and 
its  moment  of  inertia  and  half-depth  substituted  in  the  above  equa- 
tion, and  the  equation  solved-  In  case  the  sum  of  the  stresses  is  in 
excess  of  15  000  pounds,  or  very  much  smaller,  a  re-computation  must 
be  made,  using  a  larger  or  a  smaller  beam. 
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A  15-inch  42-poiind  I-beam  will  be  assumed,  and  will  be  examined 
to  see  if  it  fulfils  the  necessary  conditions.     The  value  of  I  and  7'  are 

taken  from  the  Carnegie  Handbook,  p.  07.     The  value  of  c  is    -  = 

5.50 
Ih   in    the   first    case,   and  — — ■  =2.75  in  the  second  case.     The 

quantity  5.50  is  the  width  of  the  flange  of  the  I-beam.     Substituting 
in  the  above  formula,  there  results:    '* 

10  160  X  12  X  7*     ,    4  9S0  X  12  X  2.75 

44178 •    +    14:62 =  '^  '^-^  P°^"^^- 

The  above  I-beam  could  be  used;  but  in  case  the  sheathing  is  laid 

closely  and  nailed  tightly,  we  may  consider  it  acting  as  a  beam  of  a 

span  of  16  feet,  8.9  feet  deep,  and  of  a  thickness  equal  to  that  of  the 

sheathing,  which  in  this  case  will  be  assumed  as  H  inches.     The 

sheathing  will  then  take  up  the  moment  caused  by  the  force  H;  and 

the  purlin  will  take  up  the  vertical  bending  moment  alone.     The 

M  c 
stress  in  the    sheathing  due  to   the   force  H   is^^.      Here  M  = 

4980X  12;c  =  8.9X  12  -2;and7=   l-o(8-9X  12)^       Therefore, 

4  980  X  12  X  8.9  X   12   X   12 
2X1.5(8.9X  12)^ 
=  20.95  pounds  per  square  inch,  which  is  insignificant. 

The  vertical  bending  moment  taken  up  by  the  purlin  is  10  160  X  12  = 
121  920  pound-inches,  and  this  requires  a  section  modulus  of  121  920 
H-  15  000  =  8. 14.  By  consulting  pages  101  and  102  of  the  Carnegie 
Handbook,  the  following  is  found  to  be  true : 

An  8-inch  11.25-pound  channel  is  just  too  small. 
A     7-inch  17.25-pound  channel  gives  the  nearest  section  modulus. 
An  8-inch  13.75-pound  channel  would  be  lighter  and  stiffer. 
A     9-inch  13.25-pound  channel  would  be  still  lighter  and  stiffer;   and 
since  it  weighs  less  than  any  of  the  others,  it  will  be  more  economical. 

A  9-inch  13.25-pound  channel  will  accordingly  be  used  for  the 
purlins. 

On  account  of  one  half- panel  load  coming  on  the  purlin  at  the 
ends  and  ridge  of  the  truss,  these  purlins  must  theoretically  be  only 
one-half  as  strong  as  the  other;  but,  on  account  of  the  fact  that  all 
purlins  must  be  of  the  same  height,  these  purlins  are  made  of  the 
lightest  weight  channel  of  the  same  height  as  the  others.      In  this 
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case  it  happens  tliat  the  hghtest  weight  9-inch  channel  is  required  for 
tlie  intermediate  purlins  as  well  as  for  the  end  ones.  To  illustrate 
the  above,  suppose  that  the  purlins  were  required  to  be  10-inch  25- 
pound  channels,  then  the  end  purlins  would  be  made  of  10-inch  15- 
pound  channels. 

In  case  sheathing  is  not  used,  then  some  other  method  must  be 
employed  to  take  up  the  bending  moment  due  to  the  force  H.  The 
usual  method  of  doing  this  is  to  bore  holes  in  the  center  of  the  purlins 
at  the  middle  point  of  their  span,  and  to  connect  them  with  rods 
which  run  from  one  eave  up  over  the  ridge  and  do\\-n  to  the  other  eave 
(see  Fig.  22). 

Design  of  Tension  Members.  For  Member  L^  L^:  The  re- 
quired net  area  is  43  700  -^  15  000  =  2.92  square  inches.  By  con- 
sulting the  Carnegie  Handbook,  p.  IIS,  it  is  seen  that  two  3  by  3 
by  y^jj-inch  angles  give  a  gross  area  of  1.78  X  2  =  3.56  square 
inches.  From  this  must  be  subtracted  the  rivet-hole  made  by  a 
f-inch  rivet.  Since  all  rivet-holes  are  punched  J  inch  larger  in  diam  > 
ter  than  the  rivet,  the  amount  to  be  substracted  from  the  above 
gross  area  is  j^^  X  (f  +  s )  X  2  =  0 .  54,  there  being  two  rivet-holes 
taken  out  of  the  section.  This  gives  a  total  net  area  of  3 .56  —  0 .54 
=  3.02  square  inches.  As  this  is  but  slightly  larger  than  the  re- 
quired net  area,  these  angles  will  be  used  for  this  member.  Since 
the  stress  in  this  member  is  the  greatest  stress  in  the  bottom  chord, 
and  since  the  bottom  chord  is  made  of  the  same  section  up  to  the 
splice  at  -L,,  on  account  of  economical  construction,  it  being  cheaper 
to  run  the  same  sized  angle  throughout  than  it  would  be  to  change 
the  size  of  each  panel  and  make  a  splice  at  each  panel  point,  the  size 
of  angle  as  determined  above  will  be  used  for  the  first  two  panels  of 
the  bottom  chord  at  each  end. 

For  Member  i,  -^s-  The  required  net  area  is  24  950  -r-  15  000 
=  1 .67  square  inches.  From  Carnegie  Handbook,  p.  115,  two  angles 
2^  by  2  by  j-inch  give  a  gross  area  of  2  X  1 .06  =  2 .  12  square  inches; 
and  taking  out  two  f-inch  rivets,  the  net  area  is  2 .  12  —  ^  (f  +  i)  X  2 
=  1 .74  square  inches.  This  coincides  very  closely  with  the  required 
area,  and  this  angle  will  be  used.  Even  if  this  angle  should  have 
been  in  excess  of  the  required  area,  it  would  still  be  necessary  to 
use  it,  since  it  is  the  smallest  angle  and  of  the  least  thickness 
allowed . 
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For  Member  L^  U^ :  The  required  net  area  is  18  725  -^  15  000  = 
1 .  25  square  inches.  Two  angles  2h  by  2  by  J-inch  give  a  gross  area 
of  2. 12  square  inches,  and  a  net  area  of  1 .74  square  inches,  as  above 
computed.  Although  they  give  an  area  considerably  larger  than  that 
required,  nevertheless  they  must  be  used,  since  they  are  the  smallest 
allowed. 

For  Members  L^  U^  and  U^  L^:  The  required  net  area  is  6  240  -^ 
15  000  =  0.42  square  inch.  One  angle  2^  by  2  by  J-inch  gives  a 
gross  area  of  1 .06  square  inches.  The  amount  to  deduct  from  Irhis 
is  J  X  (I  +  I)  =  0-19  square  inch,  one  f-inch  rivet-hole  being  taken 
from  the  section.  This  gives  a  net  area  of  1 .06  —  0.19  =  0.S7 
square  inch,  which  shows  this  angle  to  be  sufficient. 

Since  the  member  TJJM  has  no  other  use  than  to  prevent  the 
bottom  chord  from  sagging,  it  will  be  made  of  the  lightest  angle 
allowed.     It  will  therefore  be  made  of  one  angle  2^  by  2  by  j-inch. 

The  member  L^  L^  is  made  of  the  same  section  as  the  member 
L3  U^,  since  this  is  more  economical  than  to  change  the  section  and  to 
make  a  splice  at  L.^.     It  will  be  made  of  two  angles  2h  by  2  by  }-inch. 

Design  of  the  Compression  Members.  The  general  method  of 
procedure  in  the  design  of  compression  members  is,  first,  to  assume  a 
cross-section,  and  then  to  determine  the  unit  compressive  stress 
allowable  by  inserting  the  length  of  the  member  and  the  radius  of 
gyration  of  the  assumed  section  in  the  formula  given  for  the  unit 
allowable  compressive  stress;  then  divide  the  stress  in  the  memlier 
by  the  unit  allowable  compressive  stress  determined  as  above.  This 
will  give  the  required  area.  If  this  required  area  is  equal  to,  or  slightly 
less  than,  the  area  of  the  cross-section  assumed,  the  section  assumed 
will  be  the  correct  one.  If  the  required  area  as  computed  above  is 
greater  than  the  area  of  the  section,  then  a  larger  section  must  be 
assumed  and  the  operation  repeated.  Usually  only  two  operations 
are  recjuired  in  order  to  obtain  a  section  whose  area  is  correct.  It 
should  be  noted  that  the  area  of  the  rivet-holes  is  not  deducted  from 
the  section  in  compression  members,  since  the  rivet  fills  up  the  rivet- 
hole  and  makes  a  section  as  strong  in  compression  as  it  was  in  the 
first  place.  Care  should  be  taken  to  assume  a  section  whose  radius 
of  gyration  is  equal  to  or  greater  than  the  length  of  the  member 
divided  by  120.  This  is  due  to  the  fact  that  I  -i-  r  should  not  l)e 
greater  than  120.     Compression  members  of  roof  trusses  for  the  usual 
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spans  are  made  of  two  angles  placed  back  to  back.  The  radius  of 
gyration  of  such  a  section  is  equal  to  the  radius  of  gyration  of  one 
angle,  if  it  is  referred  to  an  axis  perpendicular  to  the  legs  which  are 
placed  together.  If  it  is  referred  to  an  axis  through  the  center  of  the 
section  and  parallel  to  the  legs  which  are  placed  together,  it  is  equal 
to  some  value  other  than  the  radius  of  gyration  of  one  angle.  The 
radii  of  gyration  for  pairs  of  angles  placed  either  directly  back  to  back 
or  a  small  distance  apart,  are  given  on  pages  144  to  146  of  the  Car- 
negie Handbook  and  in  Table  XI,  and  should  be  used  in^the  design. 
The  value  of  the  radius  of  gyration  for  sizes  of  angles  other  than 
those  given,  may  be  obtained  by  interpolation. 

For  example,  let  it  be  required  to  determine  the  radius  of  gyra- 
tion of  two  5  by  3^  by  J-inch  angles  placed  |  inch  apart  and  back  to 
back,  the  5-inch  legs  being  horizontal  (see  p.  146,  Carnegie  Hand- 
book). Since  this  value  is  not  given  in  the  tables,  it  must  be  inter- 
polated from  the  values  given  for  r^  for  the  above  sized  angle,  which 
are  -^q  inch  and  |  inch  thick.  The  difference  between  the  two 
thicknesses  given  is  |  —  --^  =  f'g  inch.  The  difference  between 
the  two  values  given  for  the  radius  of  gyration  is  2 .  55  —  2 .  44  =  0.11. 
This  gives  a  difference  of  .11  -^  9  =  0.0122  for  each  -^^  inch  differ- 
ence in  thickness  in  the  angle.  The  difference  between  the  thickest 
angle  and  the  angle  under  consideration  is  f  —  i  =  f ,  or  y'V. 
Therefore  the  amount  to  be  subtracted  from  the  radius  of  gyration  of 
the  thickest  angle  is  6  X  0.0122  =  0.0732;  and  the  radius  of  gyra- 
tion for  two  angles  placed  back  to  back  as  above  stated  is  2 .  55  —  0 .  07 
=  2.48.  In  case  one  angle  is  used  for  a  member  in  compression,  the 
least  rectangular  radius  of  gyration  must  be  used ;  and  if  two  angles 
are  employed,  placed  back  to  back,  care  should  be  exercised  to  use 
the  least  radius  of  gyration ;  and  if  the  angles  have  unequal  legs,  those 
legs  should  be  placed  back  to  back,  which  will  make  the  rectangular 
radii  of  gyration  as  nearly  equal  as  possible.  The  values  of  the 
radii  of  gyration  will  indicate  whether  the  short  legs  or  the  long  legs 
should  be  placed  together.  The  tables  given  in  the  Carnegie  Hand- 
book give  the  radii  of  gyration  for  angles  spaced  at  distances  ^  inch 
and  I  inch  apart;  but  since  the  connection  plates  of  roof  trusses  are 
usually  \  inch  or  f  inch  thick,  the  values  of  the  radii  of  gyration 
should  be  given  for  angles  spaced  \  inch  and  f  inch  apart.  Such 
values  are  given  in  Table  XL 
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TABLE  XI 
Radii  of  Gyration  of  Angles  Placed  Back  to  Back 


Equal  Legs 


Unequal  Legs 


J^ 


Size  (Inches) 

Ti 

'-2 

Size  (Inches) 

'■» 

r^ 

'■i 

r. 

2     X  2     X  1^6 

0.93 

0.98 

2*  X  2     X  ^ 

0.88 

0.92 

1.19 

1.24 

2     X  2     X  T% 

0.98 

1.03 

2*  X  2     X  + 

0.94 

0.99 

1.25 

1.30 

2i  X  2^  X  i 

1.14 

1.19 

3     X  2i  X  i 

1.09 

1.13 

1.40 

1.45 

2^  X  2i  X  i 

1.19 

1.24 

3     X  2J  X  j% 

1.15 

1.20 

1.46 

1.51 

3     X  3     X  i 

1.34 

1.39 

3i  X  2J  X  i 

1.04 

1.09 

1.67 

1.72 

3     X  3     X  f 

1.41 

1.46 

3i  X  2i  X  H 

1.13 

1.18 

1.75 

1.80 

3*  X  3i  X  t 

1.56 

1.61 

3i  X  3     X  A 

1.30 

1.35 

1.61 

1.66 

3*  X  3*  X  if 

1.65 

1.70 

3i  X  3     X  if 

1.40 

1.45 

1.71 

1.76 

4     X  4    X  /^ 

1.76 

1.80 

4     X  3     X  t's 

1.25 

1.30 

1.88 

1.93 

4     X  4     X  11 

1.85 

1.89 

4     X  3     X  it 

1.35 

1.40 

1.97 

2.02 

6     X  6     X  Tg 

2.58 

2.63 

5     X  3     X  t'g 

1.17 

1,22 

2.42 

2.47 

6X6X1 

2.66 

2.70 

5     X  3     X  H 

1.27 

1.32 

2.52 

2.57 

5     X  3i  X  t 

1.42 

1.46 

2.36 

2.41 

5     X  3^  X  1 

1.51 

1.56 

2.45 

2.50 

6     X  3^  X  1 

1.34 

1.39 

2.90 

2.95 

6     X  3.V  X  1 

1.44 

1.49 

3.00 

3.05 

6X4X1 

1.58 

1.62 

2.83 

2.87 

6X4X1 

1.67     1.71 

2.92 

2.97 

r^  =  in  all  cases,  the  i-adlus  of  gyration  of  one  angle  referred  to  neutral  axis  paral- 
lel to  the  horizontal  leg  as  shown  above. 

For  Member   L^  U^:      Two  angles   3^  by  3  by  y^Q-inch,   long 

legs  spaced  back  to  back,  and  j  inch  apart,  will  be  assumed.     The 

least  radius  of  gyration  is  1 .  10,  and  the  length  is  8 . 9  feet.     The  area 

of  this  section  is  2  X  1 .  93  =  3 .  86  square  inches.     The  unit  allowable 

compressive  stress  is: 

110  X  12  X  8.9 
1.10 


24  000 


=  13  400  pounds. 


The  required  area  is  48  800  -r-  13  400  =  3.65  square  inches.  Since 
the  angles  given  are  of  somewhat  larger  area  than  that  required,  it 
might  be  well  to  examine  the  next  smallest  angle. 

Two    angles   3^  by  2^  by  y\^-inch,  with   a  radius  of  gyration 
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1.11  and  a  total  area  of  3.56  square  inches,  will  be  assumed.  The 
unit  allowable  compressive  stress  is: 

P  =  24  000  -  L^QX  12^X8-9  _  j3  gjQ  pounds. 

The  required  area  is  48  800  -r-  13  510  =  3.61  square  inches.  Since 
the  required  area  is  greater  than  the  given  area,  it  shows  that  these 
angles  are  too  small.  Two  angles  3^  by  3  by  y^g-inch  will  there- 
fore be  used  for  this  member,  and  also  for  all  the  members  of  the  top 
chord,  since  it  is  more  economical  to  run  the  same  size  throughout 
than  to  change  the  section  and  make  splices  at  p11  the  upper  chord 
panel  points. 

For  Member  U^  L^:  The  length  of  this  member  is  easily  com- 
puted from  similar  triangles,  and  is  found  to  be  8.9  feet.  Two  angles 
2\  by  2  by  yg-inch,  with  the  long  legs  back  to  back,  give  a  total  area 
of  1.62  square  inches  and  a  radius  of  gyration  of  0.78.  The  unit- 
stress  is  computed  and  found  to  be  8  950  pounds.  The  required  area 
is  11  150  -r- 8  950  =  1.25  square  inches.  These  two  angles  would 
be  used,  but  the  least  allowable  radius  of  gjTation  is  8.9  X  12  -r-  120 
=  0.89.  This  is  seen  to  be  considerably  greater  than  the  radius  of 
gyration  given  above,  and  therefore  these  angles  cannot  be  used, 
according  to  Specifications.  By  consulting  the  tables,  it  is  seen  that 
two  angles  3  by  2\  by  ^-inch  are  the  smallest  angles  that  will  give  a 
radius  of  gyration  nearest  to  the  required  amount  (0.89)  and  still 
be  standard  size  angles.  Angles  marked  with  a  star  in  the  tables 
are  special  angles,  and  can  be  procured  only  at  a  cost  greatly  in  excess 
of  the  others,  and  then  only  with  great  delay  in  delivering  except 
when  large  quantities  are  ordered.  It  may  be  said  that  standard 
angles  should  never  be  used. 

For  Members  U^  L^  and  U^  L^:  The  length  of  these  members  is 
4.45  feet.  The  radius  of  gyration  must  therefore  not  be  less  than 
4.45  X  12  -^  120  =  0.45.  One  angle  2 J  by  2  by  i-inch,  with  an 
area  of  1 .06  square  inches  and  a  least  rectangular  radius  of  gyration 
of  0 .  59,  will  be  assumed.     The, allowable  unit  compressive  stress  is : 

110  X  12  X-^ 

P  =  24  000 ?r-FK- =  14  050  pounds. 

0.69 

The  required  area  is  5  580  -^  14  050  =  0.40  square  inch.  The 
angle  chosen  gives  a  much  larger  area  than  that  required;  but  since 
it  is  the  smallest  one  allowed  by  the  Specifications,  it  must  be  used. 
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Many  designers  do  not  place  a  limit  on  the  value  of  the  radius 
of  gyration,  but  simply  use  the  compressive  formula,  and  any  section 
whose  radius  of  gyration  will  bring  the  required  area  near  to  its  own 
area.  This  should  not  be  the  case,  since  the  formula  here  given  is  not 
applicable  when  the  value  of  Z  -r-  r  is  greater  thaji  120. 

Top  and  Bottom  Lateral  Bracing.  Since  the  stresses  in  the 
lateral  bracing  are  not  susceptible  of  a  v;ell-defined  mathematical 
analysis,  it  cannot  be  rationally  designed.  Experience  indicates  that 
it  should  be  as  in  Article  7.  The  lower  chord  bracing  will  therefore 
consist  of  single  angles  3  by  2|  by  -i\-inch;  and  the  upper  chord 
bracing,  of  3  by  3  by  y^-inch  angles.  This  bracing  should  not  be 
placed  between  every  truss,  but  should  be  placed  as  indicated  on  the 
stress  sheet,  Plate  I.  If  one  f-inch  rivet  is  taken  out  of  the  section  of 
the  bottom  lateral  bracing,  it  will  give  a  net  area  of  1.62  —  0.27  = 
1 .35  sc^uare  inches;  this  could  withstand  a  stress  of  1 .35  X  15  000  X 
1.25  =  27  000  pounds,  which  is  the  stress  the  bracing  is  assumed  to 
carry,  and  which  is  to  be  used  in  determining  the  number  of  rivets 
for  the  connection.  The  stress  in  the  top  lateral  bracing  may  be 
assumed  to  be  the  same. 

Determination  of  Number  of  Rivets  Required.  It  is  to  be  remem- 
bered that  f-inch  rivets  are  to  be  used  in  the  2^  and  2-inch  legs  of  the 
angles,  and  f-inch  rivets  in  all  larger  legs.  Field  rivets  are  to  have 
a  /alue  equal  to  f  of  a  shop  rivet.  Connection  plates  I  inch  thick 
are  to  be  used  in  all  cases,  except  where  the  number  of  rivets  required 
will  be  greater  than  10.  In  such  cases,  use  a  f-inch  connection  plate. 
The  correct  number  of  field  rivets  may  be  determined  by  multiplying 
the  required  number  of  shop  rivets  by  f . 

\Yhenever  two  angles  back  to  back  join  on  a  plate,  the  number 
of  rivets  is  governed  by  the  bearing  on  the  connection  plate;  and  when 
one  angle  is  joined  to  a  plate,  the  number  of  rivets  is  governed  by 
single  shear  if  the  rivet  is  f  inch  in  diameter,  and  by  single  shear  if  the 
rivet  is  f  inch  in  diameter  and  the  plate  is  over  j  inch  thick.  The 
bearing  and  shearing  value  of  the  rivets  are  taken  from  Table  X,  p.47. 

Lower  End  of  Lg  U^:     Rivets  f-inch.     Plate  f-inch. 

48  800  H-  5  630  =  9  shop  rivets  required. 
Upper  End  of  t/g  17^:     Rivets  |-inch.     Plate  f-inch. 

40  500  -r-  5  630  =  8  shop  or  10  field  rivets 
Upper  End  of  U^  L^:     Rivets  |-inch.     Plate  f-inch. 

18  725  H-  4  690  =  4  shop  or  6  field  rivets. 
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Lower  End  of  L.,  L^:     Rivets  ;;-iiic'h.      Plate  ]-inch. 

12  474  -^  3  130  =  4  shop  rivets. 
Each  End  of  U^L.,:     Rivets  |-inch.     Platen-inch. 

11  150    :-  3  130  =  4  shop  rivets. 
Each  End  of  L^UnandU^L^:     Rivets  f-inch.      Plate  |-inch. 

6  240  -^  3  070  =  2  shop  rivets. 
Each  End  of  t/,  L,  and  Ug  L^:     Rivets  ^-inch.      Plate  J-inch. 

5  580  ^  3  070  =  2  shop  rivets. 

\Vhere  UJj^  and  ^^3X3  join  the  top  chord,  two  rivet.s  will  be 
required  in  the  top  chord. 

Since  the  components  of  the  two  diagonals  meeting  at  U^  are 
parallel  and  equal,  and  opposite  to  the  stress  in  U^  L^,  no  rivets  will 
be  required,  theoretically,  to  hold  the  plate  to  the  top  chord.  A 
sufficient  number,  however,  must  be  put  in  to  take  up  the  vertical 
reaction  of  the  purlin.  This  number  is  5  550  -^  3  130  =  2  shop  rivets. 
In  practice  a  greater  number  are  usually  put  in  to  prevent  vibration 
and  to  fill  out  the  plate. 

At  L3  a  sufficient  number  of  rivets  must  be  placed  in  L^  U^  to  take 
up  the  difference  in  stress  between  L^  U ^  and  L^  L^  The  number 
required  is  (18  725  -  12  475)  ^  3  130  =  3  shop  rivets. 

At  the  end  i^  of  the  member  L^  L^,  there  is  a  horizontal  stress 
of  43  700  pounds,  and  a  vertical  force  equal  to  the  reaction,  which  is 
49  930  -^- 2  =  24  965  pounds  (see  Fig.  76).  The  force  acting  on 
the  rivets  in  this  member  is  the  resultant  of  these  two  forces,  and  is: 

V43  700-  +  24  965-  =  50  300  pounds. 

Since  the  rivets  are  f-inch  and  the  plates  f-inch,  the  number  of  rivets 
required  is  50  300  -^  5  630  =  9  shop  rivets.  This  number  should  be 
placed  symmetrically  with  respect  to  the  intersection  of  the  two 
chords.  In  case  the  point  of  application  of  the  reaction  had  not 
coincided  with  the  intersection  of  the  chords,  the  number  of  rivets  must 
be  computed  according  to  the  formula  on  page  36. 

For  the  joint  at  L^,  a  sufficient  number  of  rivets  must  be  put  in, 
in  order  to  take  up  the  difference  in  stress  between  the  members 
L,  L,  and  L,  L,.  The  number  required  is  (43  700  -  37  450)  -  3  7>50 
=  2  shop  rivets. 

The  purlins  have  a  horizontal  shear  at  each  end,  of  -f/  -^  2  = 
2  490  -^  2  =  1  245  pounds.  This  requires  1  245  -^  4  420  =  1  shop 
rivet  or  1  field  rivet,  to  keep  them  from  sliding  down  on  the  top 
chord.    Clip  angles  5  by  3^  by  |-inch  will  be  used  as  shown  in  Plate  I- 
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Clii 


These  help  in  the  erecting  of  the  purhns,  since  they  are  shop-riveted 
to  the  truss  and  therefore  hold  the  purlins  in  place  while  they  are 
being  field-riveted  to  the  truss  and  to  the  clip  angles  (see  Fig.  77). 

Rivets  in  Lateral  Bracing.  The  plates  of  the  lateral  bracing  should 
be  made  j  inch  thick.  The  3- 
inch  leg  of  the  angle  will  be 
placed  against  the  plate.  Riv- 
ets f  inch  in  diameter  can  then 
be  used,  and  the  strength  of  the 
joint  will  be  governed  by  bear- 
ing in  the  J-inch  plate.  The 
stress  for  which  the  rivets  are 
to  be  determined  is  given  on  p. 
55.  It  is  27  000  pounds.  The 
number  of  field  rivets  in  bearing 
in  j-inch  plate,  required  to  with- 
stand the  stress,  is  (27  000  ^  4  420)  X  |  =  9.  The  size  and  shape 
of  the  plate  can  be  determined  only  while  making  the  detailed  draw- 
ing (see  Plate  III,  p.  (U). 

Design  of  the  Splice.     The  general  details  of  the  splice  will  be  as 
shown  in  Fig.  GS.     The  plate  underneath  will  l)e  made  j  inch  thick, 

the  same  thickness  as  the  ver- 
tical connection  plate  at  this 
point.  Note  that  the  member  on 
the  left-hand  side  of  the  splice 
must  have  f-inch  shop  rivets,  and 
the  member  on  the  right-hand 
side  must  have  f-inch  field  rivets. 
The  total  number  of   rivets  on 


Detail  Showing  Clip  Angle 
Connection. 


6  Shop 


5  Field 


55hop~^      d 8  Field 

Fig.  78.    Detail  of  Lower  Chord  Splice. 


either  side  of  the  splice  must  be  sufficient  to  take  up  the  entire 
stress  of  the  member  through  which  they  are  driven.  If  eight  f-inch 
field  rivets  are  driven  through  the  horizontal  legs  and  the  bottom 
splice  plate,  and  five  f-inch  field  rivets  are  driven  through  the  ver- 
tical plate  and  legs  of  the  angles  (see  Fig.  78),  the  total  strength 
of  the  joint,  remembering  that  the  rivets  are  f-inch,  will  be: 

S  X  s  X  3  070  =  16  370  pounds. 
5  X  t  X  3  130  =  10  430  pounds. 


Total       26  800  pounds. 
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Note  that  the  rivets  through  the  bottom  sphce  plates  are  governed 
by  single  shear;  and  those  through  the  vertical  plate,  by  bearing  in 
the  plate.  Since  16  370  pounds  is  the  value  of  the  rivets  through  the 
bottom  splice  plate,  this  amount  will  be  transmitted  to  the  other  side, 
where  it  must  be  taken  up  by  shop  rivets.  Bearing  in  the  plate 
governs  the  number  of  |-inch  shop  rivets  required.  This  number 
is  16  370  -H  3  750  =  5.  Since  16  370  pounds  of  the  stress  in  the 
member  L^  L^  is  taken  up  by  these  5  shop  rivets,  the  remainder, 
37  450  —  16  370  =21  080  pounds,  must  be  taken  up  by  the  rivets 
through  the  vertical  connection  plate.  This  requires  21  080  -^  3  750 
=  6  shop  rivets. 

Since  16  370  pounds  is  transmitted  from  one  side  of  the  splice 
to  the  other  by  means  of  the  bottom  splice  plate,  this  plate  should  be 
16  370  -h  15  000  =  1.09  square  inches  in  net  section.  The  net 
width,  the  plate  being  j  inch  thick,  is  1.09  -^0.25  =  4.36  inches. 
If  two  |-inch  rivet-holes  are  taken  out  of  the  section,  the  entire  width 
of  the  plate  must  be  4.36  +  2  (f  +  I)  =  6.11,  say  7  inches  wide. 
The  length  of  the  plate  must  be  sufficient  to  get  in  the  number  of 
rivets,  and  this  length  is  determined  in  detailing. 

Design  of  the  Masonry  Plate.     If  this  truss  rested  upon  a  masonry 

wall,  it  would  require  a  bearing  of  (49  930  -r-  2)  -f-  250  =  100  square 

inches.     The  width  of  the  plate  cannot  be 

^A-  Anchor  bolt     less  than  twice  the  width  of  the  legs  of  the 

-    —  bottom   chord   angle,    nor   should   it  extend 

outside  the  legs  of  the  chord  angle  more  than 

3  inches  on  each  side.     The  masonry  plate 

will  be  assumed  as  12  inches  wide,  in  which 

case  it  must  be  100  -^  12  =  8.34,  say  8^  inches 


<. 


X 


v 
Z 


\X 


Fig.  79.    Slotted  Hole  for 
Truss  of  Fig.  76. 


long.     The  thickness  should  be  \  inch. 


Temperature  Allowance.  Slotted  holes  must  be  put  in  one  end 
of  the  truss,  to  allow  for  a  variation  of  150  degrees  in  temperature. 
A  common  rule  is  to  allow  ^-inch  expansion  for  every  ten  feet  of  span. 
The  total  allowance  for  expansion  is  64  X  i  =  say,  1  inch.  Since 
the  bolts  which  go  through  this  hole  are  f  inch  in  diameter,  the  hole 
must  be  long  enough  to  allow  for  h  the  expansion  on  each  side.  The 
width  of  the  hole  should  be  J  inch  greater  than  the  diameter  of  the 
bolt  (see  Fig.  79). 

Connections  to  the  Posts.     If  the  truss  rests  upon  posts  at  the  end, 
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sufficient  rivets  must  be  driven  through  the  posts  and  the  end  con- 
nection plates  to  take  up  the  end  reaction,  which  (see  page  38)  is 
24.970  pounds.  Since  the  rivets  are  field  rivets,  this  will  require 
24  970  -^  3  750  =  7.  This  number  is  to  be  used  in  case  the  posts  are 
built  in  masonry  walls.  In  case  the  truss  has  knee-braces  and  the 
walls  of  the  building  consist  of  steel  framework,  the  reaction  due  to 
the  wind  must  be  added  to  the  above. 

15.  The  Stress  Sheet.  This  should  also  be  somewhat  of  a 
general  drawing,  showing  the  details.  It  should  give  an  outline  sketch 
of  the  building,  showing  bays,  the  distances  between  trusses,  and  the 
bracing  in  the  plane  of  the  top  and  bottom  chords.  See  Plate  I, 
p.  43,  which  is  a  stress  sheet  of  the  truss  designed  in  Article  14. 
While  not  necessary,  it  is  very  convenient  to  have  the  required  number 
of  rivets  noted  upon  the  stress  sheet. 

10.  The  Detail  Drawing.  The  stress  sheet,  in  the  matter  of 
sizes,  gives  general  dimensions  only.  It  would  be  impossible  for  the 
shop  men  to  make  a  truss  from  the  stress  sheet. 

The  shop  or  detailed  drawings  must  be  prepared  by  the  drafts- 
man. These  drawings  must  show  the  exact  niunber  of  rivets,  and 
their  positions,  the  dimensions  of  every  plate,  member,  and  purlin. 
The  placing  of  the  dimensions  so  that  it  will  be  unnecessary  to  add 
or  subtract  in  order  to  get  another  desired  dimension,  is  quite  an  art, 
and  can  be  attained  only  through  experience  or  from  the  study  of 
correctly  detailed  work.  Plates  II  and  III  give  the  shop  drawings 
for  a  roof  truss  and  the  bracing.  These  are  made  according  to  the 
latest  and  best  practice,  and  a  thorough  study  of  them  will  be  a  help 
to  an  intelligent  design  of  the  trusses. 

All  members  and  plates  which  are  to  be  riveted  together  in  the 
field  should  be  given  a  mark.  This  mark  should  be  painted  on  the 
member  or  plate,  and  also  marked  on  the  Marking  or  Erection 
Diagram  (see  Plate  IV).  This  diagram  is  a  sketch,  with  the  pieces 
in  their  proper  position  and  the  correct  mark  placed  upon  them.  For 
example,  if  it  is  desired  to  rivet  into  place  the  first  panel  of  the  lower 
lateral  system,  the  men  look  on  the  marking  diagram  and  see  that 
plates  P/j,  P/g,  and  P/g,  and  the  laterals  BLl,  PL 2,  and  B L3  are 
required.  They  would  then  go  to  the  place  where  all  the  trusses  are 
piled  up,  and  pick  out  the  plates  and  members  with  these  marks  upon 
them.     They  would  then  rivet  P/^  at  L^^,  Pl^  or  P/g  at  L^,  then  BLl, 
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then  B L 3,  and  finally  BL2,  all  of  which  are  shown  on  the  Marking 
or  Erection  Diagram. 

Care  should  be  taken  to  give  each  piece  that  is  different  from 
others  in  any  w^ay  whatsoever,  a  different  mark.  For  instance,  the 
purlins  are  the  same  size,  and  differ  only  in  length  and  on  account  of 
the  fact  that  one  has  holes  in  the  bottom  flange  (see  Plate  III). 

Plate  IV  gives  the  roof  marking  and  erection  diagram  for  the 
roof  trusses  of  Plates  II  and  III.  Note  that  the  roof  truss  on 
Plates  II  and  III  is  not  the  same  as  that  of  which  Plate  I  is  a 
stress  sheet. 

17.  Estimate  of  Cost.  A  rough  estimate  of  the  cost  of  steel  in 
the  roof  may  be  obtained  by  multiplying  the  weight  of  the  purlins, 
in  pounds,  by  2^  cents;  then  adding  to  this  the  result  obtained  by 
multiplying  the  weight  of  all  the  steel  in  the  trusses  and  the  bracing 
by  3  J  cents.  This  will  give  the  cost  of  the  steel  work  in  place  with 
two  coats  of  paint.  This  will  give  the  cost  closely  enough  for  an 
Engineer's  estimate;  but  should  a  Contractor  desire,  to  bid,  a  detailed 
estimate  should  be  made  as  indicated  in  the  remainder  of  this  article. 

The  cost  of  the  roof  covering  may  be  approximately  determined 
according  to  the  prices  given  in  Article  5,  but  may  be  more  accurately 
obtained  by  asking  a  Contractor  for  a  figure  which  his  experience 
will  indicate  as  correct. 

Paint  of  various  kinds  may  be  bought  in  open  market.  Table 
XII  gives  some  of  the  kinds  used  in  painting  structural  steel,  to- 
gether with  the  amount  of  surface  one  gallon  will  cover. 

TABLE  XII 
Surface  Covered  per  Gallon  of  Paint* 


Paint 


Iron  Oxide  (powdered) .  .  .  . 
"  "     (ground  in  oil) . 

Red  Lead  (powdered) 

White  Lead  (ground  in  oil) 
Graphite  "       "     " 

Black  Asphalt 

Linseed  Oil 


Square  Feet 


1  coat 


600 
630 
630 
500 
360 
515 
875 


2  coats 

350 
375 
375 
300 
215 
310 


*Pencoyd  Handbook,  189S,  p.  203. 
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One  gallon  of  paint  will  give  two  tons  of  structural  steel  the  first 
coat,  or  2\  tons  the  second  coat.  The  cost  of  one  coat  of  paint  in  the 
shop  is  45  cents,  and  two  coats  after  erection  SI. 80  per  ton  of  struc- 
tural steel.* 

The  detailed  estimate  of  the  cost  of  steel  includes  several  items 
which  are  given  in  Table  XIII.  In  each  case  the  weight  of  the  steel 
on  which  the  work  is  done  must  be  multiplied  by  the  unit-cost,  and 
the  sum  total  of  all  the  costs  will  be  the  total  cost  of  the  entire  roof  or 
building.  Table  XIII  gives  the  various  "operations  which  go  to  make 
up  the  cost,  and  also  the  unit-costs.  Note  that  the  costs  vary  con- 
siderably. This  table  is  given  as  a  rough  guide.  In  order  to  ana- 
lyze intelligently  the  cost  in  this  manner,  great  experience  or  access 
to  the  cost  records  of  some  structural  steel  company  is  necessary. 

TABLE  Xill 
Analysis  of  Cost  of  Roof  Trusses  and  Mill  Buildingsf 


Operation 

Cost  per 

Ton 

Raw  Material 

$37.00  to  $40.00 

Work  done  at  Rolling  Mills  (mill  work) 

3.00 

7.00 

(  Columns 

14.00 

20.00 

Work  done  in  Bridge  Shops    <  Trusses 

12.00 

25.00 

(   Girders 

12.00 

25.00 

Work  done  in  Drafting  Room  -1   „                   ,  „ 
"               I   Trusses  and  B 

Liildings 

.30 
2.00 

1.00 
8.00 

Painting 

1.50 

3.00 

Shipping  (depends  upon  freight  rates) 
Erection 

5.00 

" 

15.00 

It  is  not  to  be  supposed  that  all  of  the  operations  indicated  in 
Table  XIII  are  made  on  one  piece.  Usually  pieces  which  have  mill 
work  done  on  them  require  no  shop  work.  In  such  cases  a  saving 
of  freight. is  effected,  since  the  material  may  be  shipped  directly  from 
the  mill  to  the  place  of  erection. 

MILL  BUILDING 
18.     Definitions   and   Description.    A  mill  building  consists  of 
a  roof  supported  either  on  steel  columns,  on  steel  columns  built  in 


*Pencoyd  Handbook,  1898,  p.  293. 

tCoinpiled  from  Ketchum's  "  Steel  Mill  Buildings." 
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masonry  walls,  or  on  masonry  walls  alone.  The  roof  may  consist  of 
any  of  the  forms  of  roof  trnsses  that  have  previously  been  mentioned ; 
and  the  roof  covering,  which  may  rest  on  purlins,  or  on  rafters  and 
purlhis,  may  consist  of  any  of  the  roof  coverings  mentioned  in  Article 
5.  In  case  the  roof  is  supported  on  steel  columns,  the  columns  are 
connected  at  their  tops  by  a  strut  called  the  eave-sfruf;  and  they  are 


Purlii 


Girt 


6irt 


Eave  5Ku|^Knee\Br(2<c"Ss^\ 


^ 


(  Lantern 


5ide    Elevation 
Dotted  Lme5  Indicate  Lateral  Broc\n<^ 


Tru55  Beirt  ( Intermediate ) 


t<i 


^f^^^^^ 


0 


\ — T 


h — ^ 


-  f 
V 


-fi 


\ — A 


\  I 


ilrj  ti  t 


Braced  End  Bent 

Fig.  80.     Physical  Analysis  of  a  Mill  Building. 

also  connected  at  certain  distances  throughc^ut  their  height  by  hori- 
zontal members  called  (jiris.  The  building  may  or  may  not  have  a 
monitor  ventilator  on  top.  See  Fig.  SO  for  general  form  of  mill 
buildings,  together  with  the  names  of  the  various  parts. 

The  eave-struts  and  the  girts  are  used  as  a  framework  on  which 
to  place  the  covering  for  the  walls  of  the  building.  This  covering 
may  be  of  wood,  of  wire  lath  and  plaster,  or  of  corrugated  steel. 
The  eave-strut  may  also  act  as  the  end  purlin. 

Since  the  majority  of  mill  buildings  have  their  roofs  and  sides 
covered  with  corrugated  steel,  the  remainder  of  this  text  will  be 
devoted  to  mill  buildings  with  this  kind  of  covering. 
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19.  Types  of  Buildings.  ]\Iill  buildings  may  be  classified 
according  to  their  width  and  the  number  of  bays  which  they  have. 
A  building  may  consist  of  one  center  bay  (see  Fig.  81).     In  this  case 
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30  to  1 00  feet- 

Fig.  8]. 


30  to  40  feet 


30  to  60  feet 


Fig.  83. 
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Fig.  83. 
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Fig.  84. 


20  to 40  foot  spans. 
Ketchum's  Modified  SawTooth 


Fig.  85. 


Cross-Sections  of  Mill  Buildings. 


the  span  may  vary  from  30  to  100  feet.  Usually  side  windows  give 
sufficient  light,  no  skylights  being  required  in  the  roofs  or  monitor  if 
the  span  is  less  than  SO  feet. 

The  building  may  consist  of  one  center  bay  and  one  or  two  side 
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bays,  as  shown  in  Kigs.  82  and  83.  The  truss  of  the  center  bay  is 
usually  of  the  Fink  type,  and  in  most  cases  is  supplied  with  skylights 
and  lights  in  the  monitor.  The  side  trusses  for  the  most  part  consist 
of  that  type  in  which  the  chords  are  nearly  parallel.  The  center  bay 
is  generally  not  more  than  60  feet  in  span.  This  is  due  to  the  fact  that 
the  crane  girder  would  be  unnecessarily  heavy  if  a  longer  span  were 
used.     The  side  spans  are  usually  from  30  to  40  feet. 

In  case  it  is  desirable  to  have  the  l)uilding  wider  than  150  feet, 
and  still  ha\  e  it  lighted  by  natural  light,  the  common  saw-tooth  roof 
(Fig.  84)  or  Ketchum's  modified  saw-tooth  (Fig.  85)  is  used.  In  such 
cases  the  bays  are  seldom  greater  than  40  feet.  Cranes  may  be 
placed  in  one  or  all  of  the  bays.  One  great  advantage  of  this  type  of 
roof  is  that  it  gives  a  good  light  uniformly  throughout  the  entire  shop; 
and  at  any  time  it  is  desired  to  widen  the  shop,  additional  bays  may 
be  added.  The  shop  may  also  be  lengthened  by  adding  additional 
trusses  at  the  end.  Of  course,  shops  of  the  first  two  types  mentioned 
may  be  widened  by  addition  of  extra  bays;  but  the  connection  to  the 
old  work  will  l)e  unsatisfactory,  and  skylights  will  have  to  be  placed 
in  the  roofs  both  of  the  old  bays  and  of  the  new  ones.  For  views 
showing  the  interior  of  shops,  see  pages  77  to  84. 

20.  General  Requirements.  The  general  requirements  of  a  mill 
building  depend  in  detail  on  the  purpose  for  which  it  is  intended. 
The  requirements  which  are  common  to  all  classes  of  buildings  are 
ventilation,  good  light,  and  transportation  facilities  both  inside  and 
outside  the  shop.  The  question  of  light  and  ventilation  is  discussed 
on  pp.  42  and  66.  In  regard  to  transportation  facilities,  it  may  be 
said  that  either  the  building  should  be  placed  so  close  to  a  railway 
track  that  the  material  may  be  unloaded  by  means  of  a  crane  and 
hauled  into  the  shop,  or  the  track  must  run  into  the  shop  so  that  the 
material  may  be  unloaded  and  placed  on  the  stock  floor  by  means  of 
a  crane  in  the  center  bay  and  wall  jib-cranes  (see  Fig.  109,  p.  83)  or 
by  means  of  hand  trucks. 

21.  Layout.  The  purpose  for  which  the  building  is  intended, 
and  its  relative  location  in  regard  to  transportation  facilities,  will 
determine  its  layout.  For  manufacturing  purposes,  it  should  be  so 
laid  out  that  the  materials  will  always  pass  forward  in  going  from  the 
raw  material  to  the  finished  product.  In  general  it  may  be  said  that 
the  engines,  machines  (lathes,  milling  machines,  drill  presses,  shears. 
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punches,  etc.),  and  stock  room,  should  be  in  the  side  bays;  and  the 
laying  out,  erection,  and  shipping  floors  should  be  placed  in  the 
center  bay  in  the  order  mentioned.     Fig.  86  gives  a  layout  of  a 

concern  manufacturing  frogs  and 


Drills  ond  Shears 
LCne  of  Columns  7 


Laying  out  | 

Floor  ! 


'Shippinq  Dep't. 


Erection  Floor       I 


\  "^Railroad  Track 


L)ne  of  Columns  7  j 

Planers  and  Millinq  Mgchlnes    [        Stock  Fioom 


Fig.  86.    Layout  of  a  Frog  and  Switch 
Company's  Building. 


They  should 


switches. 

22.  Framing.  The  framing 
of  a  mill  building  consists  of  the 
roof  framing,  which  has  been 
discussed  in  the  preceding  arti- 
cles; the  columns,  which  will  be 
discussed  in  the  next  article;  and 
'the  girts  and  eave-struts. 
Eave-struts  are  a  detail  of  cornice  design.     Various  forms  and 

methods  of  connections  are  shown  in  Article  29,  p.  95,  and  the 

student  is  referred  to  this  article. 

Girts  may  be  made  of  wood,  angles,  or  channels 

be  designed  for  a   pressure  of   from  20 

to  30  pounds  to  the  square  foot  on  the 

side  of   the   building.     The   spacing  of 

the  purlins  depends  upon  the  thickness 

of  the  corrugated  steel  used.   On  account 

of  the  fact  that  corrugated  steel  can  be 

procured  in  lengths  up  to   10  feet  and 

for  spans  of  5  feet,  the  stress  per  square 

inch  due  to  30  pounds  per  square  foot  is 

about  25  000  pounds.     In  No.  24  gauge 

corrugated  steel,  the  spacing  of  the  girts 

is  limited  to  5  feet  or  less. 

Corrugated  steel  may  be  fastened  to 

the  girts  by  barbed  roofing  nails  in  case 

the  girts  are  wood,  or  by  clinch  nails  in 

case  the  girts  are  angles,  or  by  clips  fas- 
tened with  rivets  or  y^inch  stove  bolts 

f   inch   long.      Nails    and    clinch   nails 

should  be  spaced  about  8  to   12  inches  apart.     Clips  are  made  of 

No.  IG  gauge  steel  from  f  inch  to  2^  inches  wide,  and  are  spaced  8 

to  12  inches  apart.     Fig.  87  shows  girts,  together  with  the  method 

of  attaching  the  corrugated  steel.     The  number  of  nails,  rivets,  and 
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stove  bolts  in  a  pound  is  to  be  found  in  the  handbooks  of  various 
manufacturers. 

Window-frames  in  mill  buildings  are,  in  general,  similar  to  those 
placed  in  frame  or  brick  buildings.  These  frames  are  fastened  either 
directly  to  an  iron  framing  or  to  wood  nailing-pieces  placed  on  the 
iron  framing.  The  win- 
dows may  be  glazed  in  the 
usual  fashion  by  means  of 
putty,  or  may  have  the 
glass  held  in  place  by  some 
of  the  methods  shown  in 
Fig.  73,  p.  44.  Windows 
in  the  side  of  the  shop 
may  be  so  fixed  that  they 
may  be  raised  and  lowered 
as  the  ordinary  dwelling 
window;  or  they  may  slide 
horizontally;  or,  again, 
they  may  be  fixed  so  that 
they  cannot  be  moved. 
The  windows  in  the  moni- 
tors are  usually  fixed  with 
a  swinging  sash  which  can 
be  operated  from  the  floor 
of   the  shop  (see  Fig.  89). 

The  glass  in  the  win- 
dows may  be  the  common 
window  glass,  common 
plate  glass,  ribbed  or  cor- 
rugated glass,  wire  glass, 
or  prisms.  Of  these  va- 
rieties, the  prisms  and  the  ribbed  or  corrugated  are  the  best, 
since  they  give  a  more  uniform  light  and  are  not  easily  broken. 
Wire  glass,  which  is  made  of  wire  netting  moulded  in  the  middle  of 
the  sheet  of  glass,  gives  a  very  good  light,  and  has  the  additional 
advantage  that  it  does  not  crack  and  fall  out  under  the  action  of 
file  and  water.  It  is  considered  fireproof.  Common  window  glass 
does  not  diffuse  the  light  so  well  as  most  of  the  other  glasses.      It  is 


of  a  Slidintr-SasU 
Window. 


Section  of  a  Monit< 
Swing  VViuilow. 
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very  liable  to  fracture,  and  for  this  reason  the  inside  of  the  window 
should  be  covered  with  wire  netting.  Prisms  are  made  by  the 
American  Luxfer  Prism  Company,  of  Chicago.  They  may  be 
obtained  up  to  84  inches  in  width  and  36  inches  in  height.  The 
width  is  parallel  to  the  saw  teeth.  Figs.  SS  and  S9  give  sections 
of  windows,  showing  the  framing.  Attention  is  called  to  the  fact  that 
the  roof  on  the  monitor  should  overhang  sufficiently  to  prevent  the 

vv'ater  from  dropping 
upon  the  swinging  win- 
dow when  it  is  fully 
opened. 

Doors  may  consist 
entirely  of  wood,  of  a 
frame  of  angles  covered 
with  corrugated  steel, 
or  of  corrugated  steel 
alone.  The  first  two 
classes  may  be  so  fixed 
that  they  will  slide,  as 
in  the  folding  doors  of 
residences;  open  out- 
ward like  a  common 
door;  lift  vertically;  or, 
in  case  they  are  made 
entirely  of  corrugated 
steel,  roll  up  like  a  win- 
dow-shade. This  latter  door  is  a  patented  one.  Shop  doors  are 
seldom  made  to  open  outward  or  inward,  on  account  of  the  space 
required — a  space  which  can  be  devoted  to  better  purposes.  Figs. 
90,  91,  and  92  show  details  of  the  above  doors. 

Let  it  be  required  to  design  the  girt  when  the  trusses  are  16 
feet  apart  and  the  girts  are  5  feet  center  to  center.     The  moment 

.    5  X  10  X  30  X  16  X  12        „  „,,„  ,  .     ,  ,    ., 

IS  =  oi  600  pound-uiches;  and  the  re- 
quired section  modulus  is  -^-^-  .    =  3.S4.    Bv  inspecting  the  tables 

lo  000 

in  the  Carnegie  Handbook,  pp.  97  to-  119,  it  is  found  that  the  fol- 
lowing  shapes  will  be  sufficient: 


Section  Q-a 
Tig.  90.    Detail  of  a  Wooden  Door. 
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Shape 

Section  Modulus 

One  5-inch  9.75-pound  I-beam 

One  6-inch  8.00-pound  channel 

One  4yV  by  S^-inch  10.3-pound  zee-bar 

One  6  by  4  by  y^-inch  14.3-pound  angle 

4.80 
4.30 
3.91 
3.83 

From  this  it  is  evident  that  the  channel  is  the  most    efficient  and 
economical. 

23.  Columns.  Columns  may  consist  of  almost  any  combina- 
tion of  shapes,  either  latticed  or  connected  by  plates.  Some  of  the 
most  common  cross-sections  are 
shown  in  Fig.  93,  those  illustrated 
in  b  and  c  being  used  to  a  great 
extent.  The  advantage  of  these 
forms  is  that  they  give  a  small 
radius  of  gyration  about  the  axis 
b-h,  and  a  larger  one  about  the 
axis  a-a  (see  Fig.  94).  This  is 
especially  desirable,  since,  in  ad- 
dition to  the  direct  stress  due  to 
the  weight  of  the  cranes,  roof 
truss,  and  covering,  the  column 
must  withstand  the  moment  due 
to  the  wind  and  to  the  eccentric- 
ity of  the  runway  girder.  Both 
of  these  moments  tend  to  bend 
the  column  around  the  axis  a-a. 
The  bending  moment  due  to  the 
eccentricity  of  the  runway  girder 
is  equal  to  the  reaction  of  the 
girder,  times  the  distance  from  the  center  of  the  column  (see  Figs. 
95  and  96).  In  case  the  details  of  the  column  are  as  given  in 
Fig.  96,  the  direct  load  due  to  the  reaction  of  the  truss  and  its 
covering  produces  a  moment  due  to  its  eccentricity.  This  moment 
is  /?!  X  e^.  Since  R^  acts  on  the  opposite  side  of  the  center 
of  the  column  from  the  ^oint  of  action  of  Rg,  it  tends  to  counteract 
the  effect  of  the  moment  due  to  the  eccentricity  of  the  runway  girder. 
The  total  moment  due  to  eccentricity  is  J/,=  R^X  e^  —  R^X  e.    If 


Fig.  91. 


--Jcmb  Boi 

Detail  of  Vertical  Hoist  Door. 
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the  first  term  of  this  ecjuation  is  less  than  the  kist  term,  the  compres- 
sive stress  on  the  side  of  the  column  with  the  runway  girder  is  increased, 
and  vice  vera.     The  stress  in  the  column  from  the  runway  girder 


-'xEL 


Door 


Fig.  92.     Detail  of  KoUing  Door  of  CoiTugated  Steel. 
Courtesy  of  Kiiinear  Mfij.  ('■>.,  Ciluinhus,  Ohio. 

to  the  roof  is  that  due  only  to  the  vertical  reaction  of  the  roof  and  the 
bending  due  to  the  wind.  In  that  part  of  the  column  below  the  crane 
girder,  the  stress  is  that  due  to  the  direct  action  of  the  weight  of  the 
roof;  its  eccentricity,  if  there  be  any;  the  direct  action  and  eccen- 
tricity of  the  runway  ghxler ;  and  the  bending  moment  due  to  the  wind. 
The    bending   moment   due    to  the  wind  is  less  in  this  part  of  the 


L 

b 

Fi 

Hi     r    n 
1     1 

J"__L      _1 
d 

Sections  of  Columns. 

e 

a 

C 
;.  93.    Cross- 

:  n 


column  than  it  is  at  the  foot  of  the  knce-bracin;.';,  but  it  is  customary 
to  consider  it  the  same. 

In  order  to  prevent  eccentric  stresses  due  to  the  reaction  of  the 
runway  girder,  an  extra  column  to  carry  the  crane  girder  is  placed 
alongside  the  roof  column  (see  Fig.s.  100  and  117,  pp.  75  and  88). 
This  is  much  used  by  A.  F.  Robinson,  Bridge  Engineer  of  the  Atchison, 
Topeka  &  Santa  Fe  Railroad  System,  who  claims  it  to  be  a  very 
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Fig.  94. 


lUu.^trating  the  Two  Radii  of 
Gyration. 


Fi.Et.  O.'i.    Runway-Girder  Eccentricity. 


Q: 


■t.  ^ 


r  TffT 


J 


pr^ 
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economical  and  efficient  detail.  One  advantage  of  this  is,  that,  if  at 
any  time  it  is  desirable  to  use  a  heavier  crane,  this  column  can  be 
removed  and  a  stronger  one  put  in  its  place, 
without  in  any  way  affecting  the  remainder 
of  the  building. 

In  order  to  illustrate  the  design  of  a 
column,  let  it  be  required  to  design  a  col- 
umn with  detail  as  shown  in  Fig.  05,  the 
height  being  20  feet,  the  distance  of  the  run- 
way girder  from  the  face  of  the  column  8 
inches,  the  direct  stress  15  600  pounds,  and 
the  bending  moment  due  to  the  wind 
924  000  pound-inches.  The  reaction  of  the 
runway  girder  is  20  000  pounds.  The  stress 
due  to  the  bending  moment  caused  by  the 
wind  and  the  eccentricity  of  the  runway 
girder  must  be  worked  out  by  formula  S, 
"Strength  of  INIaterials,"  p.  86;  and  to  this 
must  be  added  the  direct  stress  caused  by 
the  weight  of  the  roof  and  the  crane-girder 
reaction. 

Since,  according  to  Article  13,  the  unit- 
stress  must  be   reduced  one-half  in  deter- 
mining  the  section   to  withstand  stresses  due  to  crane  loads,  the 
moment  due   to   the  crane  loads  and  also  its  direct  action  must  be 


w 

2 


W 


w 


Fig.  9( 
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Runway-Girder  and 
Truss  Eccentricity. 
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Fig.  97.    Illustrating  Problem  on 
Page  73. 


multiplied  by  2  in  order  that 
the  same  formula  for  the  unit- 
stress  may  be  used  throughou  t 
in  the  design  of  the  column. 

Let  four  5  by  3U)y  f-inch 
angles  with  a  16  by  f-inch  web 
plate  be  assumed,  and  placed 
as  shown  in  Fig.  97.  These 
angles  have  an  area  of  3.05 
square  inches  each;  and  a 
moment  of  inertia  parallel  to 
the  long  leg,  of  3  18.  Then 
(see  "Strength  of  Materials," 
pp.  48-53),  the  moment  due 
to  crane  reaction  is  20  000  X 
(8.125  +  8)  =  322  500  pound- 
inches.  Accordingly,  in  vising 
this  in  the  formula,  it  will  be 
2  X  322  500  =  645  000  pound- 
inches;  and  this,  added  to  the 
924  000  pound-inches  due  to 
the  wind,  will  make  a  total 
inches. 


I 


Anchor  Bolt 
Holes 


kfi 


f«o°o°o'l 


Fig.  98.    Detail  of  Column. 

bending  moment  of  1,569,000  pound- 
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/«_a  =  4X  3.18  +  4X  3.05X  7.265=+    '^  j^'  =  784.72, 


12 


'■«-"  ^  \  4 


784.72 


==  6.56 


X  3.05  +  f  X  16 

The  allowable  unit-stress  is: 

20  X  12 
P  =  24  000  -  110  X  — /^(^  =  19  975  pounds  per  sriuaro  inch. 


Fiff.  99.    Detail  of  Column. 


Fig.  100.    Detail  of  Column. 


The  actual  unit-stress  (see  "Strength  of  Materials,"  p.  86),  is: 

16.25 


_  15  600  +  2  X  20  000 
~"4  X"3.05  +  f  X  16 


1  569  000  X 


784.72  - 

=  3  024  +  10  420 

=  19  444  pounds  per  square  inch. 


(15  600  +  2  X  20  000)  (20  X  12)= 
10  X  28  000  000      " 
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Since  this  is  slightly  less  than  the  allowal)le  stress,  19  975  pounds 
per  square  inch,  this  section  is  the  correct  one. 

Details  of  columns  are  shown  in  Figs.  98,  99,  and  100.  In  case 
the  column  is  considered  fixed  at  its  base,  the  base  of  the  column  is 
usually  made  as  shown  in  Fig.  99.  Long  bolts  deeply  imbedded  in 
the  masonry  are  run  up  through  the  holes  a ;  a  heavy  washer  is  placed 
over  the  bolt,  and  the  nut  screwed  down  tightly.  Each  bolt  must  be 
designed  to  withstand  a  stress  of  H^  X  w  -^  2d  (see  Figs.  43  and  99). 
24.  Knee=Braces.  The  determination  of  the  stresses  in  knee- 
bracing  has  been  made  in  Article  9.     Knee-braces  consist  of  two 

angles  placed  l)ack  to  back,  and 
are  joined  to  the  column  and  roof 
truss  as  shown  in  Fig.  101  and 
in  the  figures  showing  cranes. 
They  must  be  designed  to  with- 
stand the  greatest  compressive 
stress;  and  must  also  be  examined 
to  see  if  they  are  safe  in  tension, 
since  they  are  under  either  tensile 
or  compressive  stresses  according 
to  the  direction  in  which  the  wind 
blows. 

The  knee-brace  for  the  truss- 
bent  of  Article  9  will  now  be 
designed.  The  maximum  com- 
pressive stress  is  21  440  pounds. 
The  radius  of  gyration  must  be  at  least  131  -h  120  =  1.09.  Two 
angles  3^  by  3  by  y^'e-inch,  placed  back  to  back  with  their  longer 
legs  J  inch  apart,  will  be  assumed,  since  they  are  the  smallest  size  to 
be  used  with  r  =  1 .09  or  greater.  The  radius  of  gyration  about  an 
axis  perpendicular  to  the  longer  legs  is  1 .10;  and  the  allowable  unit- 

110  X  131 
stress  is   P=  24  000 =    10  900    pounds   per   square 

\^^  .  .    21  440 

inch,     the  length  being  131   inches.     TJie  requn-ed    area   is  TrTono 

=  1.97  square  inches.  Since  this  is  less  than  the  given  area,  and 
since  the  angles  are  the  smallest  allowed,  these  angles  are  suffi- 
cient. The  maximum  tensile  stress  is  8  640  pounds,  and  the  required 
net  area  is  8  640  -^  15  000  =  0.58  square  inch.    The  net  area  given 


Fig.  101.    Detail  of  Knee-Brace  and 
Connections. 
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by  the  angles  is  3.86  —  0.55  =  3.31  square  inches,  two  |-inch  rivet- 
holes  being  taken  out.  This  shows  the  angles  to  be  amply  safe  in 
tension,  and  they  will  therefore  be  used  for  the  section  of  the  knee- 
braces. 

25.     Runway  Girders.    The  runway  girders  extend  from  column 
to  column  on  each  side  of  the  bay  in  which  the  girder  runs.     An 


Fig.  103.    Electric  I-Beani  Hoist,  One-Motor. 
Courtesy  of  Casf'  Mamifacturing  Company,  (■o!u/i)/>iitt,  Ohio. 

inspection  of  the  figures  of  this  article  will  give  a  clear  idea  of  their 
position  and  their  details.  Along  these  girders  run  the  wheels  which 
support  the  end  of  the  crane.  The  crane  may  be  a  small  hoist,  as 
indicated  in  Figs.  102,  103,  and  104,  in  which  case  the  crane  girder 
consists  of  a  simple  I-beam  supported  by  two  wheels  at  the  ends,  and 
these  are  placed  close  together.     In  other  cases  the  crane  consists  of 
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Pig.  103.    Electric  I-Beam  Hoist. 

Courtesy  of  Maris  Brothers,  Philadelphia,  Pennsylvania. 

two  girders  placed  side  by  side,  upon  which  runs  the  carriage  carrying 
the  hoist.  This  type  of  crane  is  supported » upon  four  to  eight 
wheels  (see  Figs.  105,  106,  107,  108,  109,  and  110). 

The  maximum  bending  moment  and  shear  in  a  runway  girder 


Fig.  104.    Small  Electric  I-Beam  Hoist ;  Capacity  500  Lbs. 
Courtesy  of  Pawling  &  Harnischfeger,  Milwaukee,  Wis. 
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will  depend  upon  the  capacity  and  span  of  the  crane,  and  also  upon 
the  distance  apart  of  the  wheels  at  its  ends.  Where  the  bending 
moment  is  not  too  great,  the  runway  girders  may  be  composed  of 
channels  or  I-beams  (see  Figs.  103,  104,  and  106).  In  case  the 
moment  is  too  great  to  make  the  use  of  these  possible,  the  runway 
girders  are  composed  of  plate-girders  (see   Figs.  105,  107   to   110). 


Fig.  109.    Wall  Jlb-Crane,  Electrically  Operated;  Capacity,  10,000  Lbs. 
Courtesy  of  Pawling  &  Ilarnischfeger,  Milwaukee,  Wisconsin. 

Plate-girders  consist  of  a  flat  plate  called  a  web  plate,  which  has 
riveted  to  it  at  its  upper  and  lower  edges  two  angles,  or  two  angles 
and  one  plate,  called  the  cover-plate.  The  angles  are  called  flange 
angles;  and  the  two  angles  together,  and  the  cover-plate  when  used, 
are  called  the  flanges.  At  certain  distances  along  its  length,  equal 
to  or  less  than  its  depth,  vertical  angles  are  riveted  on  opposite  sides 
of  the  web  plate.  These  are  called  stiff eners,  their  function  being  to 
stiffen  the  web  under  the  action  of  the  shear.  See  Fig.  1 1 1  for  a 
general  view  of  a  plate-girder,  together  with  the  names  of  the 
various  parts. 
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Fig.  HI.    Plate-Girder  Notation. 
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Fig.  112.    Position  of  Crane  Truck  for  Max-     Fig.  113.    Position  of  Crane  Truck  for  Max- 
imum End  .Shear  of  Runway  Girder.  imiim  Moment  in  Kuuway  Girder. 
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Fig.  114.    Position  of  Crane  Truclt  for  Max-      Fig.  115.    Position  of  Crane  Truck  for  Max- 
imum Reaction  on  Column.  imum  Sliear  at  any  Section. 

The  maximum  .shear  in  the  runway  girder  will  occur  when  the 
crane  wheels  are  in  the  position  shown  in  Fig.  112;  and  the  maximum 
m(;ment  will  occur  under  the  wheel  nearest  the  middle  of  the  span, 
when  the  wheels  are  in  the  position  shown  in  Fig.  113.  The  maxi- 
mum reaction  of  the  runway  girders  on  the  column  will  occur  when 
the   wheels    are    in    the    position  .shown  in  Fig.  114.     In  order  to 
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TABLE  XIV 
Maximum  Crane  Reaction 


^  o    (t)  I    I V  q>    (3)\ 
^  :r     G  ^  ^^ 


5  to  60  Tons 


60  to  150    Tons 
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TABLE  XV 
Typical  Electric  Cranes 


Capacity 

Span 

(Tons) 

(Ft.) 

5 

40 

60 

10 

40 

60 

15 

40 

60 

20 

40 

60 

25 

40 

60 

30 

40 

60 

40 

40 

60 

50 

40 

60 

Wheel  Base 
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S  ft 

6  in. 

9  " 
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6  " 

9  " 
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10  " 
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0  •' 
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13  000 
19  000 
21  000 
26  000 
29  000 
33  000 
36  000 
40  000 
44  000 
48  000 
52  000 
64  000 
70  000 
72  000 
80  000 


.4 4-12  in. 

B 

10  in. 

7  ft. 

10  " 

7  " 

10  " 

7  " 

10  " 

7  " 

10  " 

i 

10  " 

7  " 

12  " 

8  " 

12  " 

8  " 

12  " 

8  " 

12  " 

8  ". 

12  " 

8  " 

12  " 

8  " 

14  " 

9  " 

14  •' 

9  " 

14  " 

9  " 

14  " 

9  " 

Weight  of  Runway  Rail 
For  Plate-Girders'l-Beams 


40  lbs.  per  yd. I  40  lbs. 


40 
45 
45 
50 
50 
55 
55 
60 
60 
70 
70 
80 
80 
100 
100 


40 
40 
40 
50 
50 
50 
50 
50 
50 
60 
60 
60 
60 
60 
60 


obtain  the  maximum  .shear  at  any  .section,  as   a~a,  the  load  should 
be  placed  as  shown  in  Fig.  115;  and  the  maximum  shear  will  then  be 

/,  for  two  wheels : 


Lowest  point  of  truss;- 


F 

the  left  reaction,  which  is  R  =  2P  (.r  -\ — — ) 

and  7?  =  4  P  (.r  +  F  +  ,()  -  /,  for  four  wheels. 

The  values  of  P  for  traveling  cranes  of  various  capacities  and 
spans  may  be  obtained  upon  writ- 
ing to  the  various  crane  manufac- 
turing  companies,  whose  addresses 
will  be  found  in  the  advertising 
sections  of  the  engineering  peri- 
odicals. The  distances  between 
wheels  may  be  obtained  from  their 
catalogues,  which  may  be  had  upon 
application.  The  values  of  P,  and 
the  distances  between  wheels  for 
cranes  of  various  spans  and  ca- 
pacities, are  given  in  l^'able  XI\\ 
which  is  made  from  information  furnished  through  the  courtesy  of 
Pawling  &  Harnischfeger,  Milwaukee,  Wisconsin. 

The  values  in  Table  XV  are  taken  from  the  "Transactions"  of 


Fig.  116.     Showing  Notation  used  in 
Table  XV. 
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the  American  Society  of  Civil  Engineers,  Vol.  54,  p.  400,  1905.  They 
are  for  typical  traveling  electric  cranes,  and  are  proposed  by  Mr.  C.  C. 
Schneider,  one  of  the  most  distinguished  of  structural  engineers. 

The  side  clearance  B  from  the  center  of  the  rail,  and  the  vertical 
clearance  of  the  beam  from  the  top  of  the  rail,  are  given  in  this  table 
(see  Fig.  1 16).  These  values  for  the  cranes  of  different  manufacturers 
may  be  obtained  from  their  catalogues;  and  they  must  be  known,  in 
order  that  the  crane  shall  not  interfere  with  the  columns  or  the  roof 
trusses. 

If  the  runway  girder  is  composed  of  an  I-beam,  a  channel  is 
usually  riveted  to  its  top;  and  on  this  the  rail  on  which  the  crane 
wheels  move  is  fastened  down  at  intervals  (see  Fig.  107)  of  about 
2h  or  3  feet.  Figs.  106  and  117  show  details  of  this  kind  of  girder. 
Note  that  the  rails  are  U-shaped  (see  Fig,  105).  This  rail  is  used 
extensively,  although  in  many  cases  the  common  T-rail  is  used  and  is 
fastened  down  by  means  of  clamps  around  the  edge  of  the  flange  of 
the  girder  (see  Fig.  110). 

In  case  plate-girders  are  necessary  for  runway  girders,  they 
must  be  designed.  The  depth  of  these  girders  should  be  yV  ^  ^  of 
the  distance  between  trusses  or  columns— that  is,  y  ^  of  their  span ; 
The  depths  must  be  in  the  even  inch.  For  example,  if  the  trusses 
were  16  feet  apart,  the  depth  of  the  girder  would  be  16  -^  10  =  1.6 
feet,  which  is  equal  to  19.2  inches.  The  depth  of  the  girder  must 
then  be  made  20  inches,  since,  if  it  were  made  19  inches,  it  would 
be  "difficult  to  obtain  a  web  plate  19  inches  wide,  for  the  mills  do  not 
as  a  rule  have  plates  of  odd-inch  widths  in  stock. 

The  thickness  of  the  web  plate  is  given  by  the  formula : 

Ssd  ' 
but  in  no  case  shall  it  be  less  than  j^  inch.  In  this  formula,  V^ 
is  the  maximum  end  reaction  of  the  runway  girder.  It  is  equal 
to  R  as  given  by  the  formula  on  p.  87,  when  x  is  equal  to  1  —  F,  and 
d  is  the  depth  of  the  girder,  which  is  equal  to  the  depth  of  the  web 
plate,  and  S,  is  the  unit  allowable  shearing  stress. 

The  flanges  are  composed  of  two  angles,  placed  with  the  long 
legs  horizontal  in  case  unequal-legged  angles  are  used.  The  re(juired 
net  area  of  one  flange  is  given  by  the  formula: 

S,{d-2)' 
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Isi-        2nd       5rd.       4ttl.       5tK. 
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M-  1  c 
0      0 
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L                L 

u 
,    to    . 

u     j     L.      ! 
.     lo    .L    lO     .1. 

Span  =  L 

Fig.  118.     Position  of  Tenth-Points. 


in  which  J/,„  i.s  the  moment  obtained  when  the  wheels  are  in  the 
position  shown  in  Fig.  113,  »St  is  the  unit  allowable  tensile  stress,  and 
(I  is  the  width  of  the  web  plate.  If  the  area  A  has  been  computed, 
two  angles  must  be  found  from  the  tables  in  the  Carnegie  Handbook, 

such  that  when  one  |-inch  or 
f-inch  rivet-hole,  as  the  case 
may  be,  is  taken  out,  each  angle 
will  give  a  net  area  equal  to  or 
slightly  in  excess  of  the  area  A. 
These  flange  angles  must  be 
riveted  to  the  web  by  rivets 
placed  a  certain  distance  apart. 
For  convenience  of  manufacture,  the  girder  is  divided  into  ten  equal 
parts,  and  the  rivet  spacing  between  any  two  of  these  divisions — or 
tenth-points,  as  they  are  called — is  kept  the  same.  These  tenth- 
points  are  numbered  (see  Fig.  118).  The  rivet  spacing  in  the  first 
division  is  the 
same  as  that  com- 
puted for  the  end 
of  thegirder,  wh  ich 
is  the  zero  tenth- 
point;  the  rivet 
spacing  in  the  sec- 
ond division  is  the 
same  as  that  com- 
puted for  the  1st 
tenth-point;     and 


e—  ©— ^ 


-©---o- 
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M 


■>- 


O 


o 


Fi;j.  119.    Detemuination  of  Distance  between  Gauge  Lines. 

SO  on.     The  rivet  spacing  at  any  point  is  given  by  the   formula: 

S 


^m'H^y 


in  which. 


=  Maximum  shear  at  the  point; 

=   Maximum  allowable  stress  on  one  rivet;    this  will  be  the  bear- 
ing value  of  the  rivet  in  the  web  plate  (see  Table  X,  p.  47); 
=  Maximum  reaction  of  one  crane  wheel  (see  Table  XIV  or  XV); 
=  Distance  between  gauge  lines  of  the  angles. 


In  case  there  are  two  gauge  lines  on  the  angle,  then  the  distance  h^  is 
the  distance  between  centers  of  these  gauge  lines   (see  Fig.  119). 
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Table  IX,  p.  46,  gives  the  gauge  lines  for  different  lengths  of  angle 
legs.  If  S  gives  a  value  less  than  2|  inches,  the  leg  of  the  angle  aga'nst 
the  web  must  be  5  inches  or  more,  on  account  of  prai  tic'i!  limitations 
of  manufacture. 

26.  Examples.  In  order  to  illustrate  the  preceding  methods, 
two  problems  will  be  worked  out. 

1.  Design  a  runway  girder  for  a  5-ton  crane  of  40-foot  span,  the 
wheel  loads  and  wheel  base  being  as  given  in  Table  XV,  p.  87,  and  the  dis- 
tance between  trusses  20  feet. 

In  order  to  produce  the  maximum  moment,  the  wheel  must  be 
placed  as  shown  in  Fig.  120.  The  left  reaction  is  12  000  (2.125  + 
10.00  +  3.625)  H- 20  =  9  450.  The  moment  under  wheel  1  is 
9  450  X  7.875  X  12  =  894  000  pound-inches,  which  requires  a  sec- 
tion modulus  of  894  000  -^  15  000  =  59.60.     Looking  in  the  Car- 
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Fig.  120.    Position  for  Maximum  Moment      Fig.  121.    Position  for  Maximum  Moment 
for  Problem  1  ou  Page  91.  for  Problem  2  on  Page  91. 

negie  Handbook,  pp.  97  and  98,  it  is  seen  that  a  15-inch  42-pound 
I-beam  with  a  section  modulus  of  58.9  will  be  sufficient,  since  the 
section  modulus  is  less  than  2^  per  cent  under  that  required. 

2.  Design  a  runway  girder  for  a  30-ton  crane  of  60-foot  span,  the 
wheel  loads  and  wheel  base  being  as  given  in  Table  XV,  and  the  distance 
between  trusses  20  feet. 

The  wheels  are  placed  in  position   as  shown  in  Fig.  121.    The 
52  000  (12.75  +  1.75) 


left    reaction    is 


20 


=  37  700  pounds;   and   the 


maximum  moment,  which  occurs  under  wheel  1,  is  37  700  X  7.25  X 
12  =  3  285  000  pound-inches.  The  maximum  shear  occurs  when 
the  wheels  are  in  position  as  shown  in  Fig.  112,  p.  85,  and  is  75  400 

75  400 
pounds.     The    required    thickness    of    the    web    is  ^ .   = 

0.314  inch,  the  depth  being  20  4-  10  =  2  feet  =  24  inches.  The 
web  will  be  made  24  inches  wide  and  f  inch  thick. 
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The  ref|iiiiv(l  net  flange  area  is 


3  285  000 


15  000  X  (24 -2)=^-'^^^^^^^^ 

inches  for  two  angles,  or  4 .  99  scjuare  inches  for  one  angle.  An  angle 

G   by  6  by   ^y-inch  gives  a  gross  area  of  5 .  75  square  inches  and  a  net 

area  of  5.75  —  0.50  =  5.25  square  inches,  one  |-inch  rivet-hole  being 

taken  out    of   the   section.     Since    this  area  coincides  quite  closely 

with  the  required  area  and  is  larger,  it  will  be  used.     A  6  by  3  j  by  f- 

inch  angle   would   have  been  better  in  regard  to  area,  but  the  rivet 

spacing  is  less  than  2|  inches  at  the  end,  and  this  required  a  double 

gauge  line  and  therefore  a  leg  5  inches  or  over. 

The  maximum  shears  at  the  tenth-points  are  now  computed, 

and  are  tabulated  as  follows: 

Fo  =  75  400  pounds.     • 

Fi  =  65  000 

F2  =  54  600 

F3  =  44  200 

V^  =  33  800 

F5  =  26  000 

The  value  of  the  shear  to  be  used  in  any  particular  case  is  given 


ty/yyyyyy 
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Fig.  123.    Stress  Sheet  of  Runway  Girder  of  Problem 
3  on  Page  91. 
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Fig.  133.    Determination  of 

Size  of  Stiffener. 


above.     In  this  case,  P  =  52  000  pounds ; 
V  =  6  570  pounds,  |-inch  rivets  being  used ; 

and  A,  is  241-  -(2X2}+-^)=  18^  inches.    The  rivet  spacing  for 

the  first  division  or  first  two  feet  of  the  span  is : 
6  570 


S  = 


vmT-(-^°r 


=  1.495,  say  li  inches. 


The  rivet  spacing  for  the  other  divisions  may  be  computed  by  the 
student.     It  is  given  in  Fig.  122,     The  web  of  the  girder  should  be 
stiffened  as  shown  in  the  figure,  by  angles  placed  as  there  indicated 
The   thickness   of   the  angles   should   not  be  less  than  ^^g  inch,  nor 
greater  than  \  inch.     The  size  of  the  angles  should  be  such  that  the 
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Fig.  124.     Section  of  Glass  Louvres  iu  Pig.  135.    Section  of  Metal        Fig.  126.     Section  of  Open 

Monitor.  Louvres  iu  Monitor.  Monitor. 


Roof  SteeK    Clinch  Rivetp 


Top  Chord 
of  Truss 


Fig.  127.   Gable  Details  for  Corrugated  Steel. 


Roof  Steel 


Purlin  ^ 


SI /-Finish 
-••^  Angle 


Fig.  128,    Gable  Details  for  Corrugated  Steel. 
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outstanding  leg  does  not  reach  beyond  the  leg  of  the  flange  angle 
(see  Fig.  123).  This  makes  their  size  as  shown  in  Fig.  122.  The 
crane  rail  may  be  connected  directly  to  these  and  the  flange  angles; 
or  a  channel  may  be  placed  over  the  flange  angles  and  riveted  to  them 
in  a  manner  similar  to  that  employed  in  the  case  of  I-beams,  the 

crane  rail  being  fastened 
•'Ci'  to  that.  If  this  latter 
detail  is  employed,  the 
area  of  the  channel  is 
reckoned  as  forming  part 
of  the  upper  flange;  and 
the  net  area  of  the  angle 
must  then  be  equal  to  the 
required  net  area,  less  the 
net  area  of  the  channel. 
27.  Ventilators.  Mill 
buildings  may  be  venti- 
lated by  means  of  small 
circular  ventilators  such 
as  shown  in  Fig.  69,  p. 
41,  placed  at  certain  in- 
tervals along  the  ridge  or 
peak  of  the  roof,  '^r  by  means  of  monitors  as  shown  in  Fig.  71.  The 
sides  of  these  monitors  may  be  fitted  with  swinging  glass  windows, 
with  wooden  or  metal  louvres,  or,  in  case  a  large  amount  of  ventila- 
tion is  required,  may  be  simply  left  open.  Figs.  124, 125,  and  126  give 
details  of  monitors,  and  show  how  they  are  connected  to  the  trusses. 

28.  Gable  Details.  The  gable  is  the  end  of  the  roof  at  that  end 
of  the  building  which  is  parallel  to  the  roof  trusses.  Since  this  extends 
beyond  the  plane  of  the  side  of  the  building,  some  method  must  be 
employed  in  connecting  the  outer  edge  with  the  wall  of  the  building, 
in  order  to  keep  out  the  rain  and  wind.  Figs.  127  and  128  give 
several  details  which  are  efficient  and  at  the  same  time  economical. 

29.  Cornice  Details.  The  cornice  is  that  edge  of  the  roof  which 
is  perpendicular  to  the  planes  of  the  roof  trusses.  In  addition  to 
being  necessarily  so  constructed  as  to  keep  out  the  wind  and  the 
elements,  it  must  have  in  many  cases  some  form  of  gutter  connected 
to  it,  which  takes  the  water  off  the  roof.    This  gutter  should  be  con- 


Fig.  129.    Cornice  Details  for  Steel  Roof. 
Figs.  130  and  131. 


See  also 
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Fig.  133.     Ridge  Koll. 
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Fig.  130.    Cornice  Details  for  Steel  Roof.  ''    " 

See  also  Figs.  129  and  131.  Fig.  131.    Detail  of  Cinder  Flof  r. 

nected  at  intervals  of 
every  three  bays — or,  in 
case  this  exceeds  50  feet, 
every  two  bays — with  a 
pipe  or  conductor  to  carry 
the  water  to  the  ground 
Gutters,  as  a  general 
thing,  are  semicircular  or 
nearly  so;  and  for  ordi- 
nary spans  they  should 
not  be  less  than  6  inches 
wide.  Conductors  should 
not  be  less  than  5  inches 
in  diameter.  It  is  not 
to  be  supposed  that  the 
water  entirely  fills  either 
the  conductors  or  the 
gutters.  The  sizes  are 
made  so  as  to  allow  for 
any  obstruction  such  as 
dirt  or  ice.  Gutters 
should  preferably  have  a 

pitch  of  one  inch  in  every  10  feet.     Figs.  129  to  131  give  details  of 

cornices  with  various  forms  of  gutters  attached. 

The  ridge,  or  peak  of  the  roof,  is  usually  covered  with  a  plain 

sheet  of  metal,  in  which  case  it  is  called  the  ridge  cap;  or  with  a 


Fig.  131. 


Cornice  Details  for  Steel  Roof. 
Figs.  129  and  130. 


See  also 


Fig.  132.    Ridge  Cap. 
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metallic  roll  with  flared  sides,  in  which  case  it  is  called  a  ridge  roll. 

Figs.  132  and  133  show  cross-sections  of  a  ridge  cap  and  a  ridge  roll. 

30.     Floors.    The  floor  of  the  shop  depends  very  largely  upon  the 

purpose  for  which  the  building  is  intended.     It  may  consist  of  earth, 
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Fig.  135.    Detail  of  Asphalt  or  CoalTar  Concrete  Floor. 
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Fig.  136.    Detail  of  Concrete  Floor. 
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T-  Bolt 
Fig.  137.    Detail  of  Floor  of  Steam  Laboratory  of  the  University  of  IlliL  Ms. 

cinders,  boards,  concrete,  or  sheet  steel.  In  cases  where  men  are 
required  to  work  standing,  cinders  or  boards  give  the  best  results. 
Earth  floors  will  wear  into  holes  in  places  where  the  men  stand,  and 
concrete  or  steel  makes  them  foot-weary  en  account  of  its  inelasticity. 
Where  heavy  machinery  is  installed,  and  men  are  seldom  present 
except  for  a  short  time  at  certain  periods,  concrete  makes  an  ideal 
floor.  Figs.  134,  135,  and  136  show  details  of  various  kinds  of  floors. 
Fig.  137  gives  a  detail  of  the  floor  in  the  Steam  Engineering  Labora- 
tory of  the  University  of  Illinois.  This  consists  of  channels  imbedded 
in  concrete.  These  channels,  which  are  placed  in  pairs  a  small  dis- 
tance apart,  run  both  lengthwise  and  crosswise  of  the  shop.  The 
advantage  of  this  form  of  construction  is  that  machinery  can  be 
placed  anywhere  on  the  shop  floor  and  (juickly  bolted  into  place 
by  means  of  T-bolts,  a  detail  of  which  is  shown  in  the  figure. 
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HARDWARE 


Introductory.  Hardware  in  building  is  generally  considered  to 
embrace  all  metallic  appliances  of  a  mechanical  nature.  For  example 
nails,  screws  binding  the  various  parts  together,  hinges  permitting 
movement,  and  locks  to  secure  moving  parts  in  place,  are  all  in  the 
nature  of  mechanical  appliances.  Ornamental  metallic  parts,  such 
as  railings,  grilles,  steps,  etc.,  cannot  be  classed  under  this  head. 

There  is  no  other  division  of  building  materials  in  which  the 
variety  is  so  great  or  the  range  of  each  variety  so  wide.  The  distance, 
for  example,  separating  the  cast-iron  lock  (Fig.  1),  at  one  dollar  and 
a-quarter  a  dozen,  from  the  cylinder  front-door  lock  (Fig.  2),  at 
seventy-five  dollars  a  dozen,  is  great.  If,  however,  we  were  to  trace 
the  evolution  from  the 
one  to  the  other,  we 
should  find  that  the 
extremes  are  connected 
by  such  fine  gradations 
and  steps  that  nowhere 
can  any  break  in  type  be 
detected:  there  is  no 
missing  link. 

The  same  conditions 
in  varying  extent  apply 
to  all  other  classes  of 
hardware — hinges,  bolts, 
etc. — and  to  a  buyer 
who  consults  cata- 
logues, comes  the  further  complication  that  all  items  are  sold,  not 
according  to  the  price  list,  but  on  discounts  from  such  lists.  The 
word  discounts  is  here  used  advisedly,  for  there  is  no  one,  single 
discount  applied  to  all  classes  of  hardware.  For  different  types  of 
appliances,  there  are  different  discounts.  Some  items  are  sold  as 
high  as  10  per  cent  off;  the  next  may  carry  a  discount  of  75  per  cent ; 


Fig.  1.    Cheap  Cast-iron  Lock. 
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and,  between  these,  discounts  are  varied  and  graded  as  delicately  as 
are    the    types    themselves. 

Time  has  had  a  marked  effect  in  changing  the  character  of  hard- 
ware. The  latches,  knockers,  or  locks  of  150  years  back  are  very 
different  from  any  of  the  types  characteristic  of  to-day;  and  while  the 
imitations  which  can  now  be  made  are  good  in  their  way,  still  no^\  here 
in  the  150  years  is  there  a  marked  break  in  the  line  of  development 
from  the  prized  antique  to  the  best  production  of  the  present  day. 

As  a  plain  example,  take  the  nails  and  bolts  forged  in  the  "fac- 
tory" of  Jefferson  at  Monticello,  and  nearly  one  hundred  years  ago 

used  in  the  trusses  over  the  old 
Senate  Chamber  at  the  Capitol  in 
Washington  (Fig.  3);  compare  them 
with  those  in  use  to-day,  and  then 
try  to  have  duplicates  forged;  and 
the  difficulty  of  getting  the  spirit  of 
the  past,  even  in  simple  things,  will 
be  appreciated. 

Nationality    serves    also    to     ring 
the  changes.      The   French    artisan 
will  m"ke  a  delicate  but  strong  appli- 
ance which  reflects  unconsciously  the 
influence  of  the  objects  of  art  with 
which  he  can   and  does  daily  come 
in  contact.      The    Louvre,    with  its 
innumerable  treasures  of  art — freely 
open    to    the    street-sweeper   in    his 
blouse,  as  well  as  to  the  rich — has 
its  effect  on  national  production. 
The  English,  from  the  same  design,  will  produce  something  not 
so  delicate,  nor  with  such  an  artistic  "go;"  but  it  will  be  strong, 
heavy — in  fact,  English. 

The  American  will  make  the  best  reproduction  of  the  design  it  is 
possible  to  get  from  his  machinery  in  large  lots;  but  it  often  lacks  the 
fine  touch  of  the  artist,  which  the  French  impart,  or  the  evident  firm 
ness  of  purpose  of  the  English. 

Also  we  find  the  personal  element  exerting  a  strong  influence 
As  far  back  as  can  be  traced  in  history,  different  men  have  considereb 


Fig.  3.    Cylinder  Front-Door  Lock. 
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that  they  possessed  certain  qualities,  or  existed  under  certain  con- 
ditions, peculiar  to  themselves,  which  in  a  way  distinguished  them 
from  their  fellows;  and  they  have  tried  to  illustrate  such  qualities  by 
means  of  insignia  borne  by  them  and  put  in  conspicuous  places  in 
their  abodes.  In  this  way  the  escutcheon  has  always  been  used  as  a 
distinguishing  symbol. 

Comparatively  little  attention  is  paid  to  heraldry  nowadays, 
especially  in  America.  The  use  of  the  symbol  on  the  escutcheon  is, 
in  this  country,  a  survival  of  old  customs  now  rarely  seen.  The 
name  of  escutcheon,  however,  still  clings  to  what  is  the  most  con- 


Fig.  3.    "Jefferson"  Nails  and  Bolts. 
From  Trusses  of  Old  Senate  Chamber  in  Capitol,  Washington,  D.  C. 

spicuous  piece  of  house  hardware  now  in  use;  and  this  piece  of  hard- 
ware tells  the  story  of  the  general  character  of  the  householder  who 
selected  it,  just  as  truly  as  did  the  escutcheon  of  the  wandering  knight 
of  mediaeval  years. 

It  will  not  be  the  province  of  this  paper  to  settle  the  style  or 
kind  of  hardware  which  should  be  selected  by  people  of  different  tem- 
peraments, or  to  suit  any  design ;  individual  tastes  and  judgment  must 
in  each  case  govern;  but  it  will  be  its  province,  in  a  general  way, 
to  point  out  the  characteristics  of  the  material  now  obtainable,  the 
intention  being  to  offer  something  more  in  the  nature  of  suggestion 
than  as  an  absolute  guide. 
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NAILS  AND  SCREWS 

These  embrace  the  class  of  most  uninteresting  hardware — so 
commonplace  as  hardly  to  demand  attention;  but  they  play,  after  all, 
a  large  part  in  modern  construction,  and  have  had  the  greatest  influ- 
ence in  the  evolution  of  the  now  almost  extinct  trade  of  joinery,  as 
understood  a  hundred  years  ago. 

By  reference  to  the  cut  of  the  ''Jefferson"  nail  (Fig.  3),  it  will 
be  seen  that  it  is  a  wedge  more  adapted  to  splitting  all  wood  through 
which  it  is  driven  than  to  make  the  parts  more  secure.  It  was  the 
successor  of  the  oak  pin  of  Colonial  days,  and  was  used  in  much  the 
same  way.  After  the  parts  were  most  carefully  fitted  together,  holes 
were  bored  only  slightly  smaller  than  the  nail,  and  the  latter  was 
driven  in  to  se- 
cure the  close 
contact  of  the 
parts,    which, 


indeed 

were  al- 

reajdy 

fitted    so 

nicely 

that  they 

would 

cling   to- 

gether 

w  i  t  h   a 

ver  V 

slight 

binder 

Fig.4.    End  of  a  Piece  of  Old  Timber  from  Capitol,  Wash- 
ington, D.  C,  Showing  Former  Method  of 
Making  Spliced  Joint. 

Fig.  4  is  the  end  of  a  timber  taken  from  the  Capitol,  which  shows 
how  the  splice  joint  was  made;  this  was  a  joiner's  fit,  which  took 
very  little  to  complete  the  union.  Through  all  the  work  of  joinery — 
illustrated  by  this  close  fitting — the  same  principles  extended,  so  that 
the  use  of  nails  of  the  Jefferson  type  was  very  limited. 

Screws,  except  in  very  crude  forms,  were  seldom  used.  Fig.  3 
shows  bolts  and  a  nut  of  the  same  period  taken  from  the  Capitol 
trusses.  It  will  be  noted  that  in  order  to  make  their  use  possible,  the 
parts  must  have  been  accurately  fitted. 

With  modern  machinery  for  making  nails  and  screws,  came  a  revo- 
lution in  carpentry  work.  The  old  mortise-and-tenon  timber  frame 
gave  way  to  the  balloon  frame.  Joinery  died  a  natural  death,  as  it 
was  found  much  cheaper  simply  to  lay  the  pieces  together  and  drive 
spikes  or  nails  until  the  whole  was  solid.  In  many  instances  the  use 
of  spikes  or  nails  was  carried  to  extremes — in  fact,  their  use  became 
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reckless;  and  so  important  is  their  place  in  construction  work,  even 
to-day,  that  it  is  a  by-word,  that  "any  man  is  a  carpenter  who  can 
drive  a  nail."  But  the  man  who  can  select  the  right  nail  or  screw, 
and  drive  it  where  it  is  needed,  and  in  the  right  way,  is  a  rare  man. 

From  the  strictly  practical  standpoint,  nails  and  screws  may  be 
divided  into  two  classes — First,  those  used  in  construction  work  only; 
second,  those  used  in  construction  work  so  exposed  as  to  require 
consideration  of  the  appearances  they  present. 

For  the  first,  round  wire  nails  are  now  used  almost  exclusively. 
The  older  cut  nail  is  wedge-shaped,  with  two  rough  sides,  which  make 
it  hard  to  drive  and  which  tear  the  fibre  of  the  wood;  the  wedge  shape, 
moreover,  permits  these  nails,  after  they  are  once  started,  to  be  more 
easily  drawn  out.  The  wire  nail  is  smooth,  does  not  tear  the  wood, 
and  is  more  easily  driven  than  the  wedge;  and,  on  account  of  being  of 
the  same  diameter  throughout,  it  holds  firmly  even  after  being  started 
in  withdrawal. 

A  nail  should  never  be  driven  clear  through  any  woodwork  so 
that  the  point  appears,  unless  it  is  clinched,  in  which  case  a  wrought- 
iron  or  "clout"  nail  is  required;  the  wire  nail  is  too  hard  to  be  easily 
bent  and  clinched.  A  nail  driven  clear  through  so  as  to  expose  the 
point  unclinched  will  not  hold  so  well  as  one  shorter  with  the  end 
buried. 

In  the  frame,  it  is  not  the  numl)er  of  nails  that  tells,  but  their 
careful  placing  in  such  parts  and  at  such  points  as  to  keep  the  build- 
ing stiff.  Nails  should  be  grouped  to  afford  the  largest  efficiency. 
In  nailing  the  boarding  onto  a  frame,  for  example,  it  is  necessary  to 
put  two  nails  in  each  board  to  each  stud.  One  nail  would  be  suffi- 
cient to  secure  the  boards ;  but,  as  there  is  bound  to  be  a  slight  shrink- 
age drawing  the  edges  of  the  boards  apart,  if  the  frame  is  not  other- 
wise securely  braced,  a  strong  wind  will  rack  the  structure  out  of 
plumb  until  the  edges  of  the  boards  touch  again,  the  single  nail 
in  each  board  allowing  a  swing  which  would  have  been  effectually 
stopped  by  two. 

The  smallest  nail  competent  to  accomplish  the  purpose  should  be 
used,  on  account  of  the  greater  ease  with  which  it  can  be  driven;  the 
difference  in  effort  required  to  drive  ten  thousand  20d  nails  and  an 
equal  number  of  16d's  is  a  very  material  item  in  expense. 

When  strength  is  obtained  by  doubling  timbers  and  in  trusses, 
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bolts  and  nuts  with  large  washers  should  be  used  to  the  exclusion  of 
nails,  as  a  sudden  jar  or  a  slight  shrinkage  of  the  wood  will  prevent 
the  nails  clamping  the  parts  closely  together,  and  this  separation  or 
loosening  of  the  joints  materially  reduces  stiffness  and  strength. 

The  use  of  wrought-iron  nails  can  with  great  profit  be  extended. 
For  instance,  after  a  house  is  boarded  up  and  building  paper  put  on, 
in  placing  the  exterior  finish  boarding,  of  whatever  nature  it  may  be, 
if  the  nails  are  clinched  on  the  inside,  the  contact  will  be  so  close 
as  to  prevent  the  opening  of  cracks  between  the  layers,  and  in  cold 
weather  the  nails  will  not  "draw"  and  allow  the  joints  to  open. 

Wliere  nails  must  be  used  in  finished  surfaces,  all  questions  of 
general  construction  must  be  dropped,  and  only  such  nails  used  as  are 
absolutely  necessary  to  secure  the  members  in  place;  and  special 
attention  should  be  given  to  selecting  nails  with  such  heads  as  will 
not  disfigure  the  finish.  Wire  nails  of  very  small  diameter  and  with 
heads  only  slightly  larger  in  size,  are  now 
made;  and  it  is  remarkable  how  firmly  these 
hold  the  parts  in  place.  These  nails,  carefully 
driven  and  with  heads  set  below  the  surface 
of  the  finish,  leave  a  small  mark  that  can  be 


Fig.  5.    Round-Head  Screw  i  •      i 

with  Washer.  readily  hidden  with  putty  colored  to  match 

the  tone  of  the  wood. 

Wherever  possible,  nails  should  be  put  in  the  quirks  or  con- 
cealed places,  rather  than  in  plain  surfaces  where  the  last  blow  of 
the  hammer  is  apt  to  leave  a  round  indentation  in  the  wood.  A 
careful  carpenter  in  good  work  can  place  his  finish  so  that  it  can  be 
either  nailed  or  screwed  in  place  from  the  back,  or  the  nails  or  screws 
placed  so  that  the  heads  will  be  covered  or  in  inconspicuous  plav^-es. 

In  purely  constructive  work,  screws  (unless  as  bolts)  are  little 
used  except  in  special  finish,  such  as  mantels  and  other  cabinet-work 
put  together  and  finished  complete  before  being  set  in  place. 

Wlien  it  is  necessary  to  provide  for  the  shrinldng  and  swelling 
of  the  wordwork,  round-head  screws  with  washers  can  be  used.  Fig. 
5  illustrates  such  a  screw,  A  being  the  washer;  B  a  long  slot,  and  C 
the  screw;  this  arrangement  allows  movement  with  the  screw  sliding 
on  the  washer. 

WTien  it  is  necessary  to  use  screws  in  finished  surfaces,  the  treat- 
ment should  be  exactly  the  reverse  of  that  governing  the  use  of  nails. 
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There  are  many  forms  of  screws  on  the  market,  with  well- 
tormed  heads,  finished  in  lacquer,  bhied,  or  plated  (it  is  necessary  to 
have  some  finish  to  prevent  rust).  A  variety  of  typical  forms  are 
shown  in  Fig.  6.    The  custom  of  starting  screws  with  a  hammer — in 


£3 


Fig.  6.    Typical  Forms  of  Screws. 

fact,  driving  them  three-quarters  of  the  way  in — should  not  be 
allowed;  a  screw  with  a  battered  head  or  not  driven  in  straight,  dis- 
figures the  work;  when  started  by  the  hammer,  one  or  both  of  these 
conditions  generally  prevail. 


Fig.  7.    Strap  Hinge. 

Screws  which  show  should  have  heads  of  pronounced  shape, 
spaced  regularly — in  fact,  made  a  feature  in  the  design. 

HINGES  AND  BUTTS 

This  group  of  hardware  is  the  most  important  on  the  list,  for 


Fig.  8.    Tee-Hinge  with  Offset. 


if  the  hinge  is  out  of  order  or  lacking,  the  door  is  absolutely  useless. 
It  matters  little  if  the  latch,  lock,  or  bolt  be  missing;  some  simple 
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device  will  supply  the  lock  and  produce  the  results  usually  obtained 
from  the  missing  fixture.  Without  hinges,  however,  the  door  cannot 
be  operated. 

Hinges,  properly  speaking,  consist  in  those  appliances  wiiich 
are  secured  on  the  faces  of  the  door  and  frame.  Unfortunately  they 
are  now  made,  for  the  most  part,  in  only  the  cheap  grades,  being  used 
on  barns  and  gates  and  in  other  inferior  locations,  and  are  known 
as  strap  hinges  (Fig.  7)  or  tee-hinges  (Fig.  8),  etc. 

The  possibility  of  their  artistic  use  is  shown  in  the  fact  that 
manufacturers  of  high-grade  hardware  make  a  variety  of  hinge  plates 
(Fig.  9)  to  be  screwed  on  the  face  of  door  and  frame  independent  of 
the  butt,  to  represent  the  complete  hinge. 


^ 


Fig.  9.    Hinge  Plates. 

It  is  unfortunate  that  the  hinge  proper  has  dropped  so  completely 
out  of  the  house  hardware  list.  In  its  simple  forms  it  has  character 
and  dignity.  Some  of  the  best  efforts  of  the  Gothic  builders  and  the 
metal  workers  of  the  most  artistic  periods,  have  been  put  forth  to 
produce  hinges  of  perfect  w^orkmanship  and  design.  The  attempt 
of  the  manufacturers  to  supply  the  appearance  by  making  the  plates 
separate,  has  led  to  the  production  of  unduly  elaborated  face-plates 
of  thin  metal,  which  are  often  screwed  on  without  reference  to  their 
suitability  to  the  location  or  surroundings,  so  that,  instead  of  having 
the  appearance  of  being  a  minor  item  for  use  in  swinging  the  door, 
they  give  the  impression  that  the  door  is  for  the  special  purpose  of 
exhibiting  the  hardware. 
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Fig.  10.    Barn  Hinge  Used  on  House  Door. 


The  simple  barn  hinge  may  occasionally  be  used  with  propriety 
and  good  artistic  effect.  Fig.  10  shows  a  common  form  of  the  hinge 
on  a  house  door  where  the  finished  timbers  show  throughout.  These 
hinges  are  fastened  by  small  lag-screws,  and,  while  inexpensive,  give 
a  very  artistic  air  to 
a  common  stock  door. 
But  there  is  difficulty 
when  such  appliances 
are  used,  in  finding 
other  fixtures  to  carry 
out  the  idea.  In  the 
case  above  referred  to, 
it  was  necessary  to 
have  a  latch  forged 
specially  (Fig.  11),  as 
nothing  suitable  of  stock  pattern  could  be  found. 

The  butt  (Fig.  12)  is  that  style  of  hinge  (butt  hinge)  commonly 
used  in  swinging  doors,  sashes,  etc.,  which  is  screwed  to  the  butt 
edge  of  the  door  and  which  can  be  fully  seen  only  when  the  door  is 
open ;  when  shut,  only  the  knuckles  of  the  butt  are  visible. 

Modern  custom  requires, 
in  the  large  majority  of 
cases,  that  the  conventional 
butt  be  used,  and  it  should 
receive  the  careful  consid- 
eration of  the  designer. 
There  are  many  efforts  to 
give  ornamental  effects, 
even  in  the  cheapest  of 
cast-iron  butts,  by  working 
patterns  on  the  parts  never 
seen  except  when  the  door 
is  wide  open,  and  by  mak- 
ing ornamental  tips  on  the 
pin  which  fastens  them  to- 
gether (Fig.  13).  These 
attempts  are  unfortunate,  generally  serving  merely  to  empha- 
size   the    cheap    character    of   the   article;   and   the   plain  black, 


Fit 


11.    Forged  Latch  to  Accompany  Hinge 
of  Fig.  10. 
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smooth  surface  is  always  to  be  preferred.  With  shght  modifications, 
these  objections  may  be  raised  against  almost  all  attempts  to  make 
ornamental  butts  in  other  materials. 

Door  Butts  (and  this  is,  so  far,  the  largest  class)  are  made  of^ 
cast  iron,  wrought  iron,  brass,  or  bronze,  the  expense  increasing 
in  that  order.  The  cast-iron  door  butt  should  be  avoided  if  possible, 
on  account  of  its  brittleness  allowing  it  to  break  under  slight  stress, 
when  the  door,  in  falling,  often  does  damage  which  costs  more  to 
repair  than  would  a  very  expensive  butt  at  the  beginning. 

Fig.  14  shows  the  or- 
dinary type  of  a  five- 
knuckled  loose-  pin 
uronght-steel  huit.  The 
knuckles  are  marked  A. 
If  the  door  is  hung  to 
the  wing  E,  it  is  evident 
that  the  bearing  points 
of  the  butt  will  be  at  J5, 
B;  if  the  door  is  hung  on 
the  wing  marked  F,  the 
bearing  points  will  be 
C,  C.  D  is  the  head  of 
the  loose  pin,  which  ex- 
tends through  the 
knuckles,  as  indicated  by 
dotted  lines;  this  can  be 
withdrawn  when  it  is  de- 
sired to  take  down  the 
door. 

For  ordinary  doors  the  butt  should  not  be  less  t\v  n  four  inches 
high,  with  five  knuckles  to  each  butt  for  the  loose-pin  type.  An 
examination  will  show  that  there  are  always  two  bearings  on  each 
five-knuckled  butt,  so  that  if  there  are  three  butts  to  a  door  there  are 
always  six  bearing  points;  and  when  the  weight  of  the  door  is  con- 
sidered, with  the  fact  that  all  this  weight  is  carried  from  one  side, 
the  necessity  for  ample  bearings  will  be  appreciated.  The  loose  pin 
allows  the  doors  to  be  taken  down  readily;  and  when,  from  excessive 
use,  the  bearings  have  become  worn,  it  also  allows  the  placing  of  steel 


Fig.  13.    Plain  Butt,  Loose-Pin  Type. 
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washers  (Fig.  15)  be- 
tween the  knuckles,  to 
take  up  the  worn  por- 
tions. 

Wrought  -  steel  butts 
can  be  had  in  plain  ma- 
terial and  fair  workman- 
ship, 4  by  4  inches,  as 
low  as  $1.30  a  dozen 
pairs,  with  screws;  and 
from  that  up  to  $7.00 
a  dozen  fitted  with 
li  a  1 1  bearings  and 
bronze-plated.  The  best 
grade  of  what  is  com- 
monly known  as  the 
Stanley  butt  is  a  good 
example  of  this  type. 
Butts  are  now  often 
made   with   ball   bearings 


Fig.  14.  Common  Five-Knuckled  Loose-Pin 


Ornamental  Cast-Iron  Butt,  Loose-Pin  Type. 

16),  which   greatly   improve    the 
wearing  qualities. 

Wrought-iron  butts  are  also 
finished  in  various  ways  (es- 
pecially in  Bower  Barff,  to 
which  finish  reference  is  m'i(i<; 
later),  and  in  fact  can  be  com- 
bined with  almost  any  line  of 
hardware  fi  lish.  They  are  to 
be  recommended  on  account 
of  tlieir  mechanical  perfection. 
Cast  brass  or  bronze  is  used 
in  expensive  work,  but  to  be 
efficient  must  be  very  heavy. 
The  material  is  softer  than 
iron;  and  if  the  bearing  parts 
are  not  protected,  they  w^ear 
rapidly;  a  drop  of  one  thirty- 
Butt,  second    of    an    inch    in    the 
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door    on    account    of    such    wear,  will  at    once    cause    inconveni- 
ence. 


Fis.  15.    Steel  Washer  for  Butt. 


Fig.  16.    Ball  Bearings  for  Butt. 


The  protection  against  wearing  of  the  knuckles  may  be  by  ball 
bearings,  as  above  shown  (Fig.  16),  or,  as  in  the  more  general  prac- 
tice, by  bushings  consisting  of  thin 
steel  plates  (as  shown  by  the  stippled 
part  in  Fig.  17)  set  in  each  face  of 
each  knuckle  so  that  they  receive  all 
the  wear  and  relieve  the  softer  metal. 
In  these  plates  are  slight  indentations 
(not  stippled)  which  hold  oil  for  an 
indefinite  period.  This  oil  lubri- 
cates the  bearings.  Often  the 
-  knuckles  are  bored  out,  and   a  steel 

cylinder    inserted    as    a    bushing. 

"\Mien    it  is   advisable  to  use   real  bronze  for  butts,  expense 
should    not    be    spared 


Fig.  1".     Steel  Plate   Bushing   Used 
between.  Butt  Knuckles. 
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to  get  the  best  from 
a  mechanical  standpoint. 
It  is  always  a  safe  rule 
to  get  the  cheapen"  ma- 
terial with  perfect 
workmansliip,  rather 
than  expensive  material 
of  indifferent  workman- 
ship. 

There  are  many 
"ornamental"  brass  and 
bronze   butts   made    by 

casting     designs     on     the    ^^S-  IS-  Showing  Necessity  for  Projection  of  Door  Butt. 

surface  and   emphasizing  the   effect   by  polishing  the  raised  parts. 


FRAME 
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This  does  not  add  to  the  distinctness  of  the  design,  and  only 
leaves  the  impression  of  a  "weU-broken"  surface.  It  will  be  noted 
that,  in  general,  the  plainer  the  butt,  the  higher  the  yricc,  and  the 
highest  grades  of  butts  are  rarely  of  the  ornamental  variety. 

There  is  httle  ornamental  value  in  the  knuckles  of  a  butt.  A 
butt  should,  therefore,  be  of  such  a  size  as  to  project  as  little  as 
possible  beyond  the  door  or  frame.  The  only  point  to  be  carefully 
seen  to,  is  that  it  shall  extend  outward  far  enough  to  throw  the 
door  clear  of  the  trim  or  woodwork  at  the  side.  Thus  the  pro- 
jection at  a,  Fig.  IS,  should  be  a  trifle  more  than  one-half  the 
distance  b,  in  order  to  carry  the  door,  when  opened  back,  clear  of 
the  side  trim. 

After  the  decision  relative  to  the  style 
of  hinges  or  butts  to  be  used  is  made,  the 
closest  attention  should  be  given  to  the 
mechanism.  A  door  in  common  use  will 
wear  its  hinges  with  astonishing  rapidity. 
Three  hinges  should  always  be  used  on  a 
door.  The  third  hinge,  or  the  one  at  half 
the  height,  keeps  the  door  from  springing, 
and  relieves  the  strain  on  the  other  two,  so 
that  the  door  is  more  easily  operated;  and 
it  also  gives  50  per  cent  additional  w^earing 
resistance. 

The  same  reason  for  using  loose-pin  Fig- 19 
butts  as  above  given  for  doors,  apply  to 
the  hanging  of  all  items  swinging  on  upright  bearings — such 
as  cupboard  doors,  window-sash,  etc.;  and  it  is  sometimes  nec- 
essary to  use  much  care  in  the  selection,  in  order  that  the  swinging 
parts  may  turn  clear  of  all  obstructions  or  fold  back  on  themselves, 
as  with  inside  blinds. 

Where  the  swing  is  from  horizontal  bearings,  the  pins  should 
always  be  fixed. — that  is,  so  made  that  they  cannot  be  removed.  In 
an  upright  position  gravity  holds  them  in  place;  but  when  put  hori- 
zontally, the  swinging  of  the  sash  works  the  pin  loose,  and  in  time 
it  is  apt  to  fall  out  and  allow  the  sash  to  drop,  this  being  the  case  par- 
ticularly in  swinging  transom  sash. 

Besides  the  types  of  butts  above  referred  to,  there  are  many 


Cheap  Type  of  Spring 
Butt. 
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appliances  properly  classed    under  this    head  designed    for  special 

service,  such  as  spring  Indts  and  double-acting  buffs. 

Spring  Butts.     Spring  butts  are  those  in  which  a  spring  is  placed 

so  as  to  force  the  door  closed  when  not  held  open  by  some  other  force. 

These  vary  from  the  light  type  commonly  used  on  wire-screen  doors, 

costing  from  10  to  15  cents  a  pair  (Fig. 
19),  to  heavy  bronze  butts  with  a  high- 
grade  metal  spring  in  the  joint,  costing 
$5.00  a  pair  (Fig.  20),  which  can  be  reg- 
ulated to  give  either  a  strong  or  a  light 
reaction. 

The  disadvantages  of  this  type  are 
that  they  rack  the  door  by  constant 
slamming;  they  are  much  more  expensive 
than  butts  of  the  same  material  without 
the  spring;  and  when  once  installed,  it 
is  practically  impossible  to  throw  the 
spring  out  of  service.  For  the  light  and 
cheaper  work,  a  single  spiral  spring  (Fig. 
21),  costing  from  15  to  25  cents,  can  be 

used  independently   of  the   butt;   it   is   easily  unhooked  when  not 

needed. 

For  the  better  grades  of  work  and  heavier  doors,  a  spring  check 

should  be  used  (such  as  is  described  under  Miscellaneous  Hardware), 

which  will  close  the  door  promptly  and  prevent  slamming. 


Fig.  20. 


Heavy  Bronze  Spring 
Biitt. 


Fig.  21.    Common  Type  of  Spiral  Spring  for  Doors. 

Double=Acting  Butts.  The  function  of  the  double-acting  butt 
is  to  allow  the  door  to  swing  to  both  sides  of  the  jamb.  It  is  neces- 
sarily of  the  spring-butt  type,  above  mentioned,  but  is  double  and  is  so 
set  as  to  leave  the  door  shut  when  at  rest.  There  are  no  cheap  types 
of  this  butt  on  the  market,  and  the  work  required  makes  the  best 
mechanism  necessary.     There  are  no  appliances  which  can  be  sub- 
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Gravity  Blind  Hing 


In  selecting  double- 
acting  butts,  always  get 
a  large  size  capable  of 
doing  the  work  easily,  as 
the  jar  on  a  light  butt  as 
the  door  passes  the  closed 
point  will  quickly  rack 
a  light  appliance  into  a 
useless  condition.  In 
house  building,  the  use 
of  double-acting  springs 
is  usually  confined  to 
china-closet  doors,  and 
in  public  buildings  to 
entrance    doors.      In    a 


stituted  as  in  the  case  of  simple 
single-spring  hinges.  In  order  to 
do  the  work  satisfactorily,  a  very 
large  hinge  is  required — too  large 
to  be  ornamental — so  that  certain 
types  are  embedded  in  the  floor, 
out  of  sight;  these  are  peculi- 
arly adapted  to  heavy  doors  when 
the  floors  are  of  Mosaic  so  that 
the  hinge  can  be  firmly  bedded  in 
concrete. 


Wrouglit-Iron  Blind  Hinge. 


Fig. 


very 

large  number  of  cases  a  little 
study  will  devise  means  of 
substituting  simpler  appli- 
ances. For  a  public  build- 
ing, for  example,  two  single- 
acting  doors  can  be  used — 
one  for  entering  and  the  other 
for  outgoing  traffic. 

Blind  Hinges.  Outside 
blind  hinges  are  important 
items,  especially  in  rural  d's- 
tricts   in   the   North   and 


Fig.  24.    Device  to  Hold 
Blind  Open. 


327 


IG 


HARDWARE 


throughout  the  South,  where  Winds  are  a  necessity.  [The  usual 
cast-iron  gravifij  blind  hinge  (Fig.  22)  is  a  very  cheap  and  un- 
satisfactory fixture.    The   smallest  jar  or  blow  will  break  hinges  of 

this  type.  A  heavy 
wind,  catching  the 
blind,  will  often 
slam  it  with  suffi- 
cient force  to  break 
the  window  glass. 
It  is  much  better 
to  procure  some 
type  of  wrought- 
iron  hinge  (Fig.  23), 


Fig.  25.    Blind  Adjuster. 


and  a  separate  appliance  to  hold  the  blind  open  (Fig.  24).  This 
type  of  hinge  is  also  rather  ornamental,  the  part  fastencvd  to  the 
face  of  the  blind  being  in  the  true  sense  of  the  term  a  hinge-plate. 

A  blind  adjuster 
is  indicated  in  Fig. 
25.  There  are  sev- 
eral appliances  on 
the  market  which 
accomplish  the 
same  result  —  that 
is,  holding  the 
blinds  secure  at 
any  angle  up  to 
about  60°  from  the 
sash  plane.  It  is 
very  desirable  to 
install  these  fixtures 
— which  are  strong, 
and  whicli  hold  the 
blind  firmly — ^where 
blinds  with  fixed 
slats  rather  than 
rolling  slats  are  used.  If  a  substantial  bhnd  is  desired,  the  fixed 
slats  should  always  be  used;  the  light  passing  blinds  opened  only  two 
or  three  inches  is  very  agreeable. 


Fig.  3(5.     Awning  Bi:nd  Hinge  in  Use. 
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There  is  also  on  the  market  an  awning  blind  hinge.  This  per- 
mits the  bhnds  to  swing  in  the  usual  way,  and,  in  addition,  to  be 
clamped  together;  and  with  the  tops  against  the  house,  the  bottom 
can  be  set  out  from  one  to  two  feet  like  an  awning  (Fig.  26),  giving 
a  delightful  soft  light  inside.  But  to  accomplish  all  that  is  desired, 
it  appears  to  be  necessary  to  make  these  hinges  delicate  and  light ; 
and  a  little  hard  usage  or  a  heavy  wind  will  break  them,  so  that  the 
greatest  care  must  always  be  exercised  when  operating  these  blinds, 
to  leave  them  secure;  and  generally  it  may  be  said  that  such  fixtures 
are  unsuitable  for  wide  or  heavy  blinds. 

LOCKS 

As  has  been  stated,  the  hinge  is  the  most  important  item  of 
hardware  from  the  standpoint  of  necessity  or  convenience;  but  it  is 
apparently  the  general  sentiment  of  both  sellers  and  buyers,  that  the 
lock  is  the  central  figure.  The  manufacturer  puts  more  thought  on 
it  than  on  any  other  appliance;  and  in  selecting  hardware,  the  customer 
generally  devotes  most  of  his  attention  to  it.  Perhaps  the  reason  for 
this  discrimination  is  that  the  lock  symbolizes  protection  and  defense ; 
the  term  symbolize  is  here  used  because,  on  an  analysis,  the  lock  is 
rather  a  symbol  than  a  real  physical  protection. 

With  the  advancement  in  the  art  of  lock-making,  the  knowledge 
of  methods  of  nullifying  the  safeguard  afforded  by  locks  has  also 
advanced,  so  that  there  are  no  locks  to-day  which  cannot  with  more  or 
less  ease  be  operated  by  unauthorized  persons.  Wlien  elaborate  and 
intricate  locks  are  used,  it  is  often  ridiculous  to  see  on  what  flimsy 
doors  they  are  placed,  and  also  what  delicate  and  flimsy  locks  are 
placed  on  ponderous  doors. 

A  brief  study  of  the  conditions  usually  surrounding  the  placing 
of  locks  will  show  the  absurdity  of  expending  large  sums  of  money 
and  of  buying  intricate  locks  with  an  idea  of  obtaining  protection 
thereby.  Under  ordinary  conditions,  the  moral  effect  of  the  lock  is 
enough  to  afford  protection;  but  when  the  experienced  cracksman  or 
determined  burglar  seeks  to  obtain  entrance,  neither  moral  effects 
nor  mechanical  appliances  are  a  bar. 

The  object  of  the  foregoing  is  to  set  forth  the  province  which 
a  lock  should  be  considered  as  filling — or  rather  to  show  the  province 
it  does  not  fill — so  that  in  buying  this  most  expensive  of  hardware, 
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funds  needed  elsewhere  may  not  be  expended  in  intricate  mechanism 
of  doubtful  protective  value. 

Locks  are  either  of  the  rim  type  or  of  the  mortise  type.  The 
rim  lock  is  fastened  on  the  face  of  the  door  (Fig.  27).  It  should 
be  used  only  when  protection  is  desired  from  the  outside,  as,  for 
instance,  on  store  or  office  entrance  doors,  and  possibly  outside 
house-doors.  Locks  of  this  type  are  usually  operated  by  means  of  a 
key  from  the  outside  and  a  thumb-piece  from  the  inside ;  if  of  a  type 
requiring  a  key  for  both  sides,  they  are  no  protection  on  the  side  on 
which  they  are  visible,  as  the  removal  of  one  screw  will  usually  allow 
of  sufficient  change  of  position  of  the  lock  to  release  the  bolt     Rim 

locks  are  not  ornamen- 
tal, are  generally  made 
of  ordinary  cast-iron, 
and  their  use  should  be 
avoided  in  the  better 
grades  of  work. 

The  mortise  lock  is  set 
into  the  face  of  the  door, 
so  that  only  the  face- 
plate, with  bolt  and 
latch,  shows  on  the  edge 
when  open  (Fig.  28). 
Inasmuch  as  it  is  neces- 
sary to  cut  out  the  woodwork  of  the  door  to  place  a  lock  of  this 
type,  the  first  consideration  in  its  selection  should  be  one  of  size. 
The  smallest  and  thinnest  lock  which  will  serve  the  purpose  should 
be  chosen. 

As  all  the  parts  except  the  face-plate  are  hidden  in  the  mortise, 
there  is  no  use  in  ornamental  work.  The  exposed  face  is  usually 
plain  brass  or  bronze;  the  case  is  generally  cast  iron  or  pressed  steel, 
which  should  be  heavy  enough  to  hold  its  shape  firmly,  without 
springing  or  cracking  if  for  any  reason  the  mortise  for  which  it  is 
intended  is  not  of  the  proper  shape  or  size,  which  it  rarely  is. 

After  the  question  as  to  the  use  of  a  rim  or  a  mortise  lock  is 
settled,  another,  covering  just  what  is  wanted  of  each  lock,  should 
be  carefully  considered,  so  that  appliances  will  not  be  installed  which 
are  never  to  be  used.     Practically  all  locks  contain  a  latch — that  is. 


Fig.  37.    Rim  Lock. 
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the  part  which  is  operated  by  the  knobs  and  which  holds  the  door 
closed  under  ordinary  conditions.  As  the  latch  is  the  part  subject 
to  most  frequent  use,  it  is  very  desirable  that  its  mechanism  be  as 
simple  as  possible  and  that  all  moving  parts  be  of  brass  or  bronze. 
The  use  of  iron,  except  in  the  casing,  should  be  avoided. 

It  is  often  observed, 
in  finished  work,  that  the 
latch  is  not  easily  pushed 
back  when  the  door  is 
shut,  making  it  necessary 
to  turn  the  knob  or  to 
give  more  than  an  ordi- 
nary slam  to  latch  the 
door.  This  is  caused  by 
badly  fitting  parts,  poor 
springs,  and  the  shape 
of  the  latch-face.  If  the 
latter  is  a  simple  line  as 
illustrated  in  Fig.  29,  it 
will  probably  cause  con- 
stant annoyance.  I  f , 
however,  the  latch-face  is 
carefully  shaped  after  the 
manner  shown  in  Fig.  30,  there  will  be  less,  if  any,  trouble. 

The  latch  should  be  heavy.  It  receives  hard  usage,  and  the 
heavier  it  is,  the  more  evenly  it 
responds  to  pressure.  There  are 
various  anti-friction  devices 
on  the  market,  but  they  are 
rarely  any  improvement  over 
the  well-designed  and  well- 
manufactured  latch-face. 
Should  the  selection,  however, 
be  unfortunate,  and  the  opera- 
tion of  the  latch  unsatisfac- 
tory, conditions  can  be  reme- 
died to  a  certain  extent  by  occasionally  oiling  the  face  of  the  strike 
with  a  heavy  oil  which  will  not  readily  disappear. 


Mortise  Lock. 


Fig.  29.  Unsatisfactory 

Outline  for  Lateli 

Face. 


Fig.  30.    Better  Outline 
for  Latch  Face. 
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Fig.  31.    Latch-Key  of  Flat-Key  Tj-pe. 


Ill  a  large  majority  of  cases,  this  latch  (Fig.  28)  will  perform 
all  the  necessary  functions  of  the  lock  and  latch  for  outside  doors 
if  it  is  arranged  with  sfopivork  on  the  face.  By  pushing  in  one  button, 
it  can  be  operated  from  the  outside  only  by  means  of  a  key;  by  revers- 
ing the  button,  it  becomes  a  latch  operated  by  knobs  from  both 
sides.     Under  the  former  condition  it  is  as  secure  a  lock  as  is  the 

dead  bolt  operated  by  a  key  inde- 
pendent of  the  latch — a  device 
which,  while  often  considered  a 
necessity  for  outside  doors,  is 
rarely  used. 

Inside  doors  rarely  require  a 

lock;   and   where   they   are    not 

really  needed,  it  is  not  wise  to 

arrange  for  a  possible  future  need,  since  in  most  cases,  if  such  need 

arises,  the  keys  wall  either  have  been  lost  or  have  become  hopelessly 

mixed. 

In  selecting  door  locks,  the  first  and  most  important  considera- 
tion should  be  given  to  the  latch  lock.  A  type  with  the  heaviest 
mechanism  and  best  materials  in  the  smallest  case,  should  be  selected ; 
and  that  type,  in  one  of  its  various  forms,  should  be  used  throughout 
to  the  exclusion  of  all  other  forms,  unless  unusual  conditions  require 
other  appliances — as,  for  example,  where  doors  are  to  be  locked 
from  both  sides,  in  which  case  the  dead  bolt  is  necessary,  which  can 
be  operated  only  by  key  from  either  side.  With  this,  as  with  all 
hardware,  the 
simplest  form  is 
the  best.  Locks 
which  have  pe- 
culiar combina- 
tions, such  as 
turning  the    key 

in  a  certain  way  to  operate  one  bolt,  and  further  in  the  same  way 
or  in  an  opposite  direction  to  operate  the  second  bolt,  are  to  be 
avoided.  They  afford  no  additional  protection,  and  are  often  confus- 
ing in  the  extreme  to  the  owner.  The  distance  between  the  center 
of  the  knob  and  the  face  of  the  lock  should  never  be  less  than  2| 
inches,    and    it  is  better  to  be  3  inches.      If    less,    the    fingers    of 


Fig.  32.    Common  Type  of  Bit  Key. 
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the  operator  will  be  pinched  between  the  knob  and  the  door- 
frame. 

The  key  is  an  important  item,  and  selection  of  the  style  of  key 
should  always  be  with  strict  reference  to  the  use  of  the  lock.  The 
latch-key  will  be  in  daily  use  and  carried  by  several  persons,  and 
should  be  of  the  smallest  flat-key  type  (Fig.  31),  with  a  distinctively 
shaped  hand  end  so  that  it  can  readily  be  distinguished  at  all  times 
from  desk  or  drawer  keys  on  the  same  ring. 

If  a  dead  bolt  is  used,  its  key  should  be  of  the  larger  type  of 
bit  key  (Fig.  32).  This  is  inconvenient  to  carry  away,  is  not  easily 
lost,  and  can  generally  be  found  at  the  rare  intervals  when  it  is  needed. 

All  keys  should  be  strong,  whether  flat  or  bit.  Delicate  keys  are 
often  twisted  off  when  the  lock  "sticks"  a  trifle,  or — which  happens 
more  frequently — when  they  are  not  inserted  quite  far  enough  before 
an  impatient  wrench  is  given  them.  Once  bent,  they  are  useless. 
They  should  be  well  finished  and  nickel-plated.  Otherwise  they 
will  rapidly  wear  the  pocket,  and  become  rusted ;  and  a  rusty  key  will 
rarely  work  satisfactorily. 

It  is  often  desired  that  locks  be  master-keyed — that  is,  so  con- 
structed that  each  lock  will  be  operated  by  a  key  differing  from  any 
other,  but  also  so  made  that  one  master  key  can  open  all,  as  in  the 
case  of  office  buildings,  for  janitors'  use,  and  in  hotels  to  accommodate 
the  service.  This  requirement  is  always  unfortunate,  as  it  permits 
the  passage  of  every  lock  in  the  series  by  one  key.  This  is  like  very 
securely  guarding  several  entrances  to  an  enclosure  and  leaving  one 
gate  with  but  little  protection;  and  it  is  much  better  to  cause  the 
janitor  a  little  additional  trouble  by  requiring  him  to  carry  a  separate 
key  for  each  lock.  If  the  master  key  is  lost,  the  only  remedy  is  to 
change  the  entire  line  of  locks. 

There  should  be  no  identifying  marks  on  keys  or  rings  indicating 
the  location  of  the  locks  they  will  operate,  for,  in  case  of  loss,  the 
finder  would  thus  be  enabled  to  use  them. 

In  selecting  locks  for  any  particular  building,  a  careful  diagram 
or  floor-plan  should  be  prepared,  on  which  the  swing  of  all  doors  is 
indicated  and  each  door  numbered  (see  Fig.  33).  A  right-hand 
(R.  H.)  door  is  one  which  when  opened  away  from  a  person  has  its 
butts  on  the  right-hand  jamb;  and  a  lejt-hand  (L.  H.)  door  has  its 
butts  on  the  left-hand  jamb.     All  latches  are  either  R.  H.  or  L.  H. . 
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while  many  types  are  made  so  that  by  reversing  some  of  the  mechanism 
they  can  be  changed  from  R.  H.  to  L.  H.  It  is  better  to  get  an  un- 
changeable latch,  which  is  less  complicated  in  its  mechanism  and  will 
work  easier  and  last  longer  than  one  with  interchangeable  parts. 

The  doors  on  which  it  is  intended  to  place  locks  with  pass  keys 
(Fig.  34) — such  as  front  and  back  outside  doors — should  be  indicated; 
as  should  also  those  doors  it  is  desired  to  lock  on  the  inside  by  key 
(as  pantry  or  closet  doors,  Fig.  35),  those  it  is  desired  to  bolt  (as 
bedroom  doors,  Fig.  36),  those  requiring  simple    latches  without 
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Fig.  33.    Typical  Floor-Plan  Showing  Location  and  Swing  of  Doors. 

lock  or  bolt  (as  doors  from  hall  to  dining  room,  Fig.  37),  and  sliding 
doors,  which  require  an  entirely  different  type  of  lock  (Fig.  38).  A 
bill  can  be  made  somewhat  on  this  line : 


2     Right-hand  locks  with  pass  keys,  marked  R.  H.-P  Nos.  1-2, 


Left 

Right      "     latch 

Left         "     latches 

Sliding-door  latch 

Right  hand      "       with  thumb-bolt, 

«     key 
Left         "         "  "       " 


L.  H.-P  "    6, 

R.  H.-L  "    3, 

L.  H.-L  "12,10 

S  "    4, 
R.H.-BN0.5, 

R.  H.-C  "    7,11,8, 

L.H.-C  "    9, 


12     Total  locks  and  latches. 
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Fig.  34.    Lock  -with  Pass  Key.  Fig.  35.    Latch  with  Key-Bolt. 


Fig.  36.    Latch  with  Thumb-Bolt. 


Fig.  37.    Simple  Latcn. 
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Upon  receiving  the  locks  and  latches,  there  should  be  attached 
to  each  a  tag  bearing  the  number  of  the  door  for  which  it  is  intended. 
If  the  fixtures  are  not  numbered  and  it  is  left  for  the  fitter  to  sort 
them  out  as  he  proceeds,  there  will  be  confusion  before  half  the  items 
are  in  place. 

Aside  from  the  door  locks  above  referred  to,  there  are  almost 
numberless  uses  to  which  locks  are  placed  in  minor  situations;  but  it 
is  safe  to  say  that  not  over  10  per  cent  oi  locks  in  such  minor  situations 

are  ever  used — as,  for  ex- 
ample, on  the  cupboard 
door,  bureau  drawers, 
etc.,  which,  though  al- 
ways having  locks,  are 
rarely  locked.  It  is  al- 
ways better  to  omit  a  lock 
where  there  is  no  actual 
necessity  therefor,  and 
when  the  necessity  oc- 
curs, to  get  a  lock  of  the 
best  type.  A  lock  oper- 
ated by  a  flat  key  is  usu- 
ally safe  for  such  places; 
those  with  the  old  bit 
key  are  rarely  of  any  pro- 
Fig.  38.    Sliding-Door  Latch.  tective  ValuC. 


KNOBS  AND  ESCUTCHEONS 

These  are  parts  in  which  the  vanity  of  the  owTier  can  be — and 
often  is — displayed.  The  escutcheon  is  the  plate  through  which  the 
key-hole  is  cut.  It  is  usually  combined  with  that  on  which  the  knob 
is  placed,  and  is  the  lineal  descendant  of  the  escutcheon  of  chivalry 
borne  by  knights  and  persons  of  distinction.  Careful  study  of 
escutcheons  on  the  doors  of  houses,  will  show  that  much  of  the  char- 
acter of  the  owner  is  still  indicated  thereby. 

With  this  fact  in  mind  in  the  selection  of  hardware,  special 
attention  should  be  given  this  feature.  A  plain  brass  or  bronze  plate 
and  knob  is  usually  a  safe  selection.;  but  even  then  such  items  as  its 
thickness  or  the  way  the  edge  is  finished  tell  of  conditions  governing 
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its  selection.  Wlien  the  design  calls  for  something  more  elaborate, 
it  is  a  mistake  to  be  confined  to  simple,  plain  work;  but  under  no  cir- 
cumstances should  a  knob  and  escutcheon  of  elaborate  or  ornamental 
character  be  selected  simply  on  account  of  such  character  when  the 
surroundings  do  not  call  for  display. 

The  escutcheon,  at  the  point  where  it  receives  the  shank  of  the 
knob,  should  always,  even  in  cheap  work,  be  so  enlarged  that  it  will 
project  over  the  shank  of  the  knob  at  least  a  quarter  of  an  inch  and 
fit  closely;  this  stays  the  knob  and  gives  it  a  firmness  when  gripped 
not  otherwise  obtained.  The  escutcheon  plate  should  also  be  long 
enough  to  extend  both  above  and  below  the  lock ;  if  it  does  not  do  so, 
the  screws  that  fasten  it  in  place  can  rarely  be  long  enough  to  hold 
it  firmly,  as  the  side  of  the  lock  is  usually  within  f  or  ^  inch  from  the 
surface  of  the  door.  The  screws  securing  an  escutcheon  should 
always  extend  one  inch  into  the  wood. 

A  great  variety  of  materials  are  used  for  both  knobs  and  escutch- 
eons— wood,  glass,  iron,  brass,  bronze,  and  metal  plated  with  silver 
or  even  gold — and  designers  have  produced  many  very  artistic  as 
well  as  many  very  much  over-elaborated  forms,  which  are  easily  cast 
in  metal — sometimes  with  unfortunate  ease,  as  it  permits  the  repro- 
duction of  designs  cheaply  and  has  therefore  encouraged  their  use  in 
many  cases  where  it  would  have  been  better  to  omit  a  large  part  of  the 
ornamentation.  This  cast  ornament  is  an  American  feature  of  hard- 
ware, that  produced  in  Germany,  France,  or  England  being  more 
generally  of  the  wrought  type,  artisans  in  those  countries  being  skilled 
beyond  the  American  in  forged  work. 

The  knobs,  and  the  spindle  that  connects  them — which  together 
operate  the  latch — are  primarily  mechanical  contrivances,  and  should 
be  considered  as  such.  The  old  scheme  of  making  a  solid  spindle 
which  was  secured  to  both  knobs  by  screws  through  the  shank  of  the 
knob  running  into  the  nearest  hole  in  the  spindle,  the  play  being  taken 
up  with  thin  washers,  was  always  bad,  inasmuch  as,  when  enough 
washers  were  put  in  to  make  the  knob  feel  solid  and  to  prevent  its 
rattling,  it  was  usually  so  tight  as  to  bind.  The  screw  always  works 
loose,  and  being  small  is  lost  as  soon  as  it  drops  out.  Before  a  new 
screw  is  found,  some  of  the  washers  very  likely  disappear;  and  if  new 
ones  are  not  obtained,  the  knob  remains  permanently  loose. 

Many  devices  have  been  provided  to  do  away  with  these  defects 
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ill  mechanism.  In  one  of  these  devices,  the  spindle  end  is  in  three 
pieces,  the  middle  one  wedge-shaped.  A  screw  through  the  shank 
bears  on  this  wedge-shaped  piece,  thus  expanding  the  two  others 


Fig.  3S. 


End  of  Expanding 
Spindle. 


against  the  sides  of  the  slot  in  the 

shank  (see  Fig.  39).     In  practice 

it  is  found  that  this  screw  when 

set  hard  against  the  wedge  does 

not  work  loose;  before  it  is  set, 

the  knob  can  be  most  delicately 

adjusted  without  washers;  and  if  the  screw  should    work  loose,  notice 

would  at  once  be  given  by  the  slipping  of  the  knob  before  the  screw 

was  lost. 


40. 


Knob-Holding  Device,    Adjusted 
by  a  Thi-ead. 


Fig.  41.    Knob-Holding  De^-ice  without  Spindle. 

Another  but  somewhat  more  expensive  device  is  that  illustrated 
in  Fig.  40,  in  which  the  knob  can  be  delicately  adjusted  by  a  thread 
so  that  an  exact  fit  can  be  obtained. 
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There  are  other  devices  in  which  the  spindle  is  entirely  dis- 
pensed with,  and  the  knobs  are  slipped  into  the  lock-caselndependently 
of  each  other,  as  in  Fig.  41 , 

Wliere  locks  with  pass  keys  are  used  so  that  stopwork  changes 
the  latch  into  a  lock,  it  is  desirable  that  one  side  only  should  be 
affected.  The  spindles  of  such  locks  are,  therefore,  jointed  in  the 
lock  with  a  swivel-connection  which  allows  at  all  times  a  free  move- 
ment of  the  inside  knob  or  key  (see  Fig.  42). 


r 
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Fig.  43.    Spindle  with  Swivel-Connected  Ends. 


Door  knobs  should  be  from  6^  to  7  inches  in  circumference, 
whether  round  or  oval,  to  be  gripped  with  ease;  if  larger,  they  should 
accompany  locks  which  allow  them  to  stand  far  enough  out  from  the 
finish  to  prevent  the  hand  from  being  pinched  or  bruised  in  turning 
the  knob  or  opening  the  door.  This  distance,  for  ordinary  knobs,  is 
given  under  Locks  as  2|  to  3  inches,  which  distance  should  be  increased 
if  a  larger  knob  than  ordinary  is  used.  A  perfectly  plain  knob  is 
rarely  out  of  place,  while  any  attempt  at  ornament  is  more  than  likely 
to  appear  so.  For  ordinary  work, 
5pHW  &ras.5  knobs  wrought  from  thin 
sheet  metal  (Fig.  43)  are  very  serv- 
iceable, and  have  the  appearance 
of  the  genuine  cast  metal.  With 
the  plated  butts,  they  make  a  good 
combination  (though  they  will  not 
stand  blows  without  indentation), 
and  for  most  purposes  are  as  serv- 
iceable as  the  cast  metal.  In  better  work,  however,  the  cast  brass 
or  bronze  should  preferably  be  used,  in  which  the  metal  is  cast 
from  ^  to  -j^g  inch  thick;  these  are  the  strongest  type  used. 

For  the  last  few  years  there  has  been  a  tendency  to  adopt  the 
types  of  Colonial  days,  and  nowhere  is  this  tendency  seen  more  than 
in  hardware.  And  with  these  designs  have  come  some  of  the  olden 
appliances,  the  most  prominent  of  which  are  latches  and  knockers. 
The  former  are  most  useful,  and,  when  applied  in  proper  locations, 


Fig.  43.    Spun  liriis.s  Knob. 
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have  a  charm  which  knobs  do  not  possess ;  but  in  the  case  of  mortised 
fixtures  of  the  type  usually  operated  by  knobs,  they  are  frequently — 
in  fact,  generally — out  of  place. 

Knockers  as  now  used  are  only  for  ornament,  being  rarely  used 
by  callers  for  summoning  the  inmates  of  the  house. 

SASH  HARDWARE 

In  all  the  range  of  house  hardware,  there  is  none  so  unsatisfactory 
as  that  used  in  connection  with  window-sashes.  This  is  not  alto- 
gether the  fault  of  the  hardware,  as  the  customs  regulating  the  manu- 
facture of  the  sashes  themselves  make  them  the  most  flimsy  part  of 
house  construction.  The  glass  is  wide,  and  the  meeting  rails  narrow. 
Sooner  or  later  someone  tries  to  force  up  the  lower  sash  when  "stuck," 
by  pushing  violently  on  its  top  rail,  or  tries  to  pull  down  the  top  sash 
by  pulling  on  its  bottom  rail;  these  operations  pull  the  rails  away 
from  the  glass,  and  if,  when  "fitted,"  there  was  not  considerable  play, 
the  sashes  never  come  together  again.  Any  sash-lock  adapted  to 
such  a  position  must  necessarily  be  far  from  exact  in  its  working.  All 
work  perfectly  in  the  model ;  few  work  at  all  on  the  real  sash.  There- 
fore, in  selecting  this  fixture,  it  is  wise  to  pick  out  the  strongest  which 
will  allow  for  variation  in  the  rails,  and,  before  purchasing,  to  visit 
some  house  in  which  they  have  them  installed,  in  order  to  see  how  they 
work.  The  material  of  which  sash-locks  are  made  makes  little  differ- 
ence, as  they  are  generally  out  of  sight.  Little  attention  need  be  paid 
to  representations  that  certain  kinds  can  be  opened  by  means  of  a 
thin  blade  inserted  between  the  sashes  from  the  oustide;  for,  after 
one  has  seen  the  difficulty  of  working  them  from  the  inside  by  the  usual 
means,  he  will  never  be  troubled  by  the  thought  of  anyone  working 
them  from  the  outside  with  a  putty-knife. 

There  are  certain  kinds  which  throw^  up  the  arm  against  the  glass 
of  the  upper  sash  when  unlocked.  This  kind  should  not  be  used,  as 
they  at  once  give  notice  to  anyone  outside,  if  the  window  has  been 
left  unlocked. 

Window  pulls  or  handles  on  the  lower  sash  are  alw^ays  very 
difficult  things  to  get  a  "purchase"  on  with  the  ends  of  one's  fingers 
when  the  sash  "sticks;"  and  while  the  socket  in  the  top  sash  with  a 
pole  and  hook  to  move  it,  is  a  trifle  the  most  exasperating  of  any  part 
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of  window  hardware,  manufacturers  have  as  yet  failed  to  remedy  the 
trouble. 

There  are  on  the  market  quite  a  large  number  of  complicated 
devices  for  operating  sashes,  either  swinging  them  into  the  room  or 
sliding  them  up  and  down;  but  in  practice  the  old  trouble  of  flimsy 
sash  construction  makes  such  devices  of  no  more  value  than  those  of 
the  old  form.  It  is  doubtful  whether  any  remedy  will  be  found  until 
custom  requires  the  use  of  smaller  glass,  of  sash  bars  to  stiffen  the 
sash,  and  of  better  carpentry  work  in  fitting,  and  requires  owners  to 
keep  all  parts  of  sashes  and  frames  thoroughly  oiled  to  prevent  the 
constant  absorption  of  dampness,  thus  preventing  swelling  and  shrink- 
ing with  their  concomitant  effects  of  sticking  and  rattling. 

\Vhen  sashes  are  hung  at  the  side — as  is  frequently  the  case — 
they  should  swing  outward ;  if  they  swing  inward  it  is  difficult  to  keep 
out  storm  water.     For  holding  them  at  any  required  angle,  bars  are 


Fig.  44.    Sash  Fastener. 

made  with  clamp  screws  (Fig.  44).  These  work  very  satisfactorily; 
but,  unless  great  care  is  exercised  to  leave  the  sash  always  firmly 
clamped,  sudden  wind  may  wreck  the  sash  and  glass,  leaving  no  pro- 
tection from  the  storm.  As  a  general  thing,  accordingly,  it  is  better 
to  retain  the  old  sliding  type  of  window,  especially  since,  with  swing- 
ing windows,  the  use  of  outside  blinds  is  impossible. 

The  sash-fuUey  (Fig.  45)  is  out  of  sight,  and  often  almost  any- 
thing in  the  way  of  material  and  make  is  considered  good  enough. 
This  particular  piece  of  hardware,  however,  receives  so  much  wear, 
and  is  capable  of  wearing  out  so  much  good  window-cord,  that,  if  the 
future  is  to  be  reckoned  with,  care  should  be  taken  in  its  selection. 
First  of  all,  the  wheel  should  be  as  large  as  possible,  as  the  constant 
crimping  of  the  sash-cord  over  a  wheel  of  short  radius  rapidly  destroys 
the  fibre,  so  that  after  giving  great  annoyance  for  a  time  by  becoming 
caught  in  the  wheel,  the  cord  finally  breaks  and  lets  the  weight  drop 
to  the  bottom  of  the  pocket. 
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For  plate-glass  windows  or  wide,  heavy  sash,  chains  are  gen- 
erally employed.  They  are  composed  of  links  which  follow  the  curve 
of  the  wheel  (Fig.  46),  and  are  not  easily  worn  out.     The  groove  in 
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46.    Sash  Chains. 


Fig.  45.    Sash  Pulley. 

the  wheel  should  be  square  to  conform  to 
the  lines  of  the  chain,  and  not  as  for  cord 
(see  Fig.  47). 

The  pocket  in  which  the  window  weight  runs,  should  never  be 
less  than  two  inches  in  depth  (crosswise),  nor  the  pulley-style  less  than 
I  of  an  inch  thick.  Thus  it  will  be  evident  that  to  allow  the  weight 
to  hang  in  the  middle  of  the  box,  the  wheel  of  the  pulley  must  be  not 
P^  ^^         p,,^  ^«      less  than  two    inches  in  diameter 

I              I  \  j         on  its  running  face;    that  is,    the 

' '  ^^-^  diameter    of  the  wheel  should  al- 

ways be  equal  to  the  thickness  of 
the  pulley-style  plus  one-half  the 
depth  of  the  box  (see  Fig.  48). 
The  diameter  here  indicated  is 
considerably  larger  than  that  of  the 
pulley  wheel  used  in  common  practice.  If,  however,  a  smaller  wheel 
is  used,  not  only  is  the  cord  rapidly  destroyed  by  the  constant  crimp- 
ing, but  the  weight  "drags"  on  the  back  of  the  pulley-style,  making 
the  operation  of  the  sash  difficult  and  noisy. 

Pulley  wheels  are  generally  measured  by  manufacturers  and 
dealers,  to  the  outside  of  the  flanges,  so  that  a  wheel  two  inches  on 


Fig.  47.    Sections  of  Sash  Pulley  Rims— 
A,  for  Chain;  B,  for  Cord. 
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the  running  face  is  often  styled  a  2^-inch  wheel.  The  money  invested 
in  such  a  wheel  is  gained  many  times  over  in  saving  the  annoyance 
and  expense  of  broken  sash-cord. 

If  the  pulley  is  steel-bushed  and  has  roller  bearings,  it  will  be 
better  in  the  long  run,  and  these  items  add  little  to  the  expense.  The 
running  face  of  the  wheel  should  be  smooth;  and  all  parts  may  be 
of  iron,  without  detriment  to  the  appearance  or  the  usefulness  of  the 
fixture.     A   plain   brass  or 


l^ronze  face  and  wheel  are 
to  be  preferred,  however,  if 
the  small  additional  expense 
is  not  a  bar. 

The  pulleys  usually  put 
in  stock  frames  are  H-inch 
iron  pulleys  costing  about 
50  cents  a  dozen;  and  10 
cents  a  dozen  is  usually  ad- 
ded for  each  additional 
quarter-inch  in  the  diameter 
of  the  wheel,  though  the 
mill  man  will  often  want 
a  little  extra  for  making 
the  frame  "special"  in  case 
the  larger  wheel  is  used. 
The  brass  wheel  with  roller 
bearings  and  brass  face  will 
cost  about  three  times  the 
above  price — or,  possibly, 
50  cents  extra  for  each 
window. 


Section  of  Pulley  and  Pulley-Style;  Show- 
ing also  Sash  and  Weight. 


There  are  on  the  market  very  useful  pulleys  over  which  the 
sash-cord  can  be  carried  to  boxes  several  feet  away  (Fig.  49).  Pulleys 
of  this  type  can  be  used  where  the  mullions  between  windows  are  too 
small  to  carry  the  weights.  These  pulleys  dispense  with  the  neces- 
sity for  lead  weights,  which  are  expensive  and  are  usually  crowded 
into  boxes  so  small  that  they  work  unsatisfactorily.  By  the  use  of 
combinations  of  these  pulleys,  the  cord  can  be  carried  an  indefinite 
distance  to  a  box  capable  of  receiving  a  large   iron  weight,  and 
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the  width  of  the  mulUon  can  be    reduced  to  the  minimum  thick- 


ness. 


Sash-cord  is  a  very  important  item,  and  braided  cotton  cord  is 
probably  the  cheapest  in  the  long  run.  It  is  better  to  get  a  small 
rather  than  a  large  size.  The  wearing  of  the  cord  is  due  to  the  fact 
that  in  passing  over  the  pulley  the  inside  or  the  part  against  the  wheel 
is  compressed  or  crimped,  while  the  opposite  side  is  stretched,  thus 
producing  a  constant  wear  and  strain  of  the  fibre  of  the  cord,  which 
finally  breaks  it  down.  It  will  be  evident  that  this  disintegrating 
action  will  increase  wnth  the  larger  diameter  of  the  cord.  A  cord 
just  large  enough  to  hold  the  weight  safely,  is  the  best.  A  simple 
test  is  to  suspend  four  of  the  heaviest  weights  to  be  used,  by  one  cord ; 
if  it  will  hold  them,  it  is  sufficient  size  to  carry  the  one  weight. 


Fig.  49.    Pulley  Arrangement  for  Carrying  Sash  Cord  to  Distant  Boxes. 

Taken  as  a  whole,  the  window — with  its  lock  which  rarely  works, 
its  exasperating  pulls,  and  its  sash-cord  broken  when  most  needed  — • 
is  one  of  the  oldest,  and  still  one  of  the  greatest,  of  modern  incon- 
veniences. Undoubtedly  the  first  step  necessary  to  make  the  window 
more  satisfactory,  it  to  make  the  sash  narrower  and  cut  the  glass 
smaller,  with  substantial  muntins,  so  that  the  sash  will  be  firm.  This, 
with  a  little  better  workmanship  on  the  frames,  will,  with  present 
appliances,  make  a  very  satisfactory  window. 

MISCELLANEOUS   HARDWARE 

Bolts.  The  bolt  is  one  of  the  oldest  and  simplest  contrivances 
for  securing  different  parts  in  a  desired  position,  and  is  still  a  most 
necessary  item  of  hardware.  Here,  weight  of  metal  counts  for  as 
much  as,  if  not  for  more  than,  in  most  other  items  of  hardware. 
This  weight  should  be  balanced  in  the  different  parts  to  insure  strength 
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of  the  whole.  A  heavy  moving  rod,  for  example,  in  some  bolts,  is 
made  to  engage  v^ith  a  thin  keeper-strap  attached  to  the  base  by  very 
slight  tenons  headed  over,  so  that,  while  it  is  probable  that  it  would 
take  2,000  pounds  pressure  to  break  the  rod,  a  pressure  of  100  pounds 
might  be  sufficient  to  force  the  keeper-strap  from  its  base  (see  Fig. 
50).  Inasmuch  as  a  bolt  cannot  be  'picked  like  a  lock,  its  value  lies  in 
its  strength  to  resist  force,  and  this  should  always  be  remembered  in 
its  selection. 

As  a  general  rule,  all  bolts  operated  by  a  sunken  thumb-piece 
(Fig.  51)  should  be  avoided,  for,  if  they  "stick" — and  they  generally 
do — very  little  power  can  be  exerted  by  the  end  of  a  thumb.  There 
are  many  lever  and  Iviiob  devices  \Yhich  permit  the  direct  application 
of  a  considerable  power.  Two  forms  of  these  devices  are  shown  in 
Figs.  52  and  53.  This  point  should  receive  attention  in  selecting 
bolts  for  the  standing  leaf  of  a  double  door,  or  for  cupboard  doors. 


Fig.  50.    Common  Type  of  Bolt  with  Keeper-Strap. 

The  rod  on  a  boit  should  be  tapered  at  the  end,  as  the  two  parts  rarely 
come  exactly  together  so  as  to  permit  the  rod  to  enter  the  keepers; 
if  it  tapers,  it  will,  as  it  enters,  draw  the  door  to  its  proper  position. 
For  drop-front  drawers  in  linen  closets,  it  is  necessary,  in  order  to 
save  space,  to  use  flush  hardware — that  is,  hardware  which  does  not 
project  beyond  the  drawer  front,  which  should  be  just  inside  the 
closet  door.  Fig.  54  illustrates  a  flush-ring  cupboard  catch,  which 
will  serve  the  purpose;  it  is  of  the  type  usually  seen  on  store  show- 
case doors;  in  fact,  such  doors  throughout  are  good  examples  of  the 
arrangement  of  drop-front  drawers.  A  large  size  of  fixture  should 
always  be  chosen.  Stay-chains  should  be  put  on  each  end  of  these 
fronts,  to  prevent  them  dropping  below  a  horizontal  position,  in  order 
both  to  prevent  straining  the  hinge  and  to  provide  a  strong  extension 
to  the  drawer  when  open,  whereon  to  lay  linen. 
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In  ])lace  of  a  bolt,  to  secure  the  standing  leaf  of  a  cupboard  door, 
a  kncc-catch  (or  elbow)  is  often  used  (Fig.  55).  This  is  more  con- 
veniently operated  than  a  bolt,  requiring  no  action  other  than  shutting 
the  door  to  catch,  and  a  simple  motion  to  open.  The  largest  size  of 
this  fixture  should  always  be  used. 

Chain  bolts  (Fig.  56),  are  most  useful  in  allowing  the  door  to  be 
opened  a  few  inches,  and  yet  locking  it  with  a  partial  security.     They 
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Fig.    51.     Bolt  with  Sunken 
Thumb-Pleee. 


Fig.  53.    Lever  Bolt. 


Fig.  53.    i-^nob  Bolt. 


are  often  used  to  permit  ventilation,  or  to  allow  the  inmate  to  learn 
the  character  of  a  caller  before  fully  opening  the  door. 

The  ice-box  door  of  the  north  piazza  (see  Fig.  69)  needs  special 
attention,  as  a  slight  crack  will  allow  the  warm  air  to  reach  and  meet 
the  ice.  A  clamp  which  will  force  the  door  into  its  frame,  must  be 
used.  Fig.  57  shows  a  good,  strong  form  of  such  a  clamp;  ordinary 
strong  hinges  are  suitable  for  the  door. 
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Door  Checks  and  Springs.  These  items  are  referred  to  under 
the  heatling  Buffs.  A  door  check  and  spring  consists  of  a  very  strong 
spring  applied  to  close  the  door  suddenly,  and,  in  connection  with  it, 


Fig.  54.  Flush-Ring  Cupboard  Cateh. 

a  cylinder  in  which  a  piston  runs  freely  until  the 

door  is  nearly  closed,  %vhen  either  the  air  or 

some  oil  or  other  licjuid  which  cannot  be  frozen 

in  the  cylinder  checks  the  rapid  piston  action, 

so  that  the  door    is  closed  easily  and  without 

a  slam   (see  Fig.   58).      These  checks  cost  in  place  from  $4.00  for 

light  doors,  to  $7.00  for  those  of  heavy  type.     They  are  fastened 

on  the  top  of  the  door,  and  are  no  disfigurement. 


Fig.  55.  Knee-Cateh. 


Fig.  56.  Chain  Bolt,  Allowiug  Door  to  be  Partially  Opened 

These  springs  are  aUvays  in  action,  so  that,  if  it  is  ever  desired 
to  leave  the  door  open,  some  appliance  must  be  used  to  accomplish 
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this  purpose.  As  they  do  not  generally  permit  the  doors  to  swing 
back  against  the  wall  where  hooks  could  be  used,  foot-holis  are  placed 
on  the  bottom  rail;  these  have  a  flat  top  which  can  be  pressed  by  the 
foot  into  a  slot  in  the  floor. 


Fig.  57.    Refrigerator  Clamp. 


There  are  also  on  the  market  types  of  patented  bolts,  one  of 
which,  when  pushed  by  the  foot,  is  forced  by  a  strong  spring  against  the 
floor*  the  end  of  the  rod  is  protected  by  a  heavy  rubber  buffer,  the 


Fig.  58.    Door  Check  and  Spring. 


friction  of  which  on  the  floor  is  sufficient  to  hold  the  door  in  any 
position  (Fig.  59).  Fig.  60  is  another  convenient  type  of  door-holder, 
its  method  of  operation  being  self-evident. 
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Kick  flates  and  push  plates,  while  not  often  needed  in  house 
hardware — except,  possibly,  for  double-acting  doors — are  plates  of 
metal  not  less  than  yV  i^^ch  thick  screwed  onto  the  face  of  the  door  to 
protect  it  from  wear.  The  kick  plate,  as  its  name  implies,  is  the  plate 
put  on  the  bottom  rail  where  persons  are  likely  to  apply  the  foot  in 
kicking  the  door  open.  In  public  buildings,  such  plates  are  often  put 
on  for  ornament;  and  also,  where  the  surrounding  finish  is  of  marble, 


Fig.  59.    Door-Hokler  Arttiiited  by 
Spring  OxDerated  by  Foot. 


Fig.  60.    Another  Type  of  Door-Holder. 


these  plates  protect  the  finish  of  the  doors  from  the  soap  and  often 
acid,  used  in  cleaning  the  floor  and  base  marble.  It  is  needless  to 
say  that  for  such  uses,  the  perfectly  plain  plate  is  alone  appropriate. 
Push  plates  are  used  to  protect  the  finish  of  doors  where  persons 
push  them  open  with  the  hand.  If  they  are  not  used,  the  finish  on 
the  doors  soon  shows  where  the  pressure  is  applied,  and  later  it  will 
be  completely  worn  off. 
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Neither  kick  plates  nor  push  plates  should  be  used  except  where 
there  is  a  necessity  therefor;  they  are  not  properly  subjects  for  orna- 
mental treatment ;  and  they  add  materially  to  the  weight  of  the  door, 
which  in  its  lightest  form  is  a  severe  strain  on  the  butts.  The  plain 
face  of  the  metal  shows  any  indentations,  and  it  is  difficult  to  keep 
bright.     Careless  cleaners,  moreover,  are  apt  to  rub  off  the  finish  of 

the  wood,  so  that  the  plates 
become  surrounded  by  an 
unsightly  fringe  of  unfin- 
ished wood. 

Sliding=Door  Sheaves. 
In  many  places  it  is  desir- 
able to  have  the  door  slide 
back  into  pockets  in  the  partitions.  There  are  on  the  market 
many  devices  for  trucks,  generally  good  and  inexpensive;  but  their 
installation  and  the  framing  incident  thereto  are  matters  of 
delicate  workmanship,  and  if  future  trouble  is  to  be  avoided,  it  is 
well  to  see  that  appliances  of  this  character  are  put  in  only  by  mechanics 
of  known  skill.  After  the  doors  are  in  and  the  partitions  plastered, 
is  a  bad  time  to  do  the  work  over. 


Transom  Fixture  for  Vertical  Pivoting 


Fig.  62.    Transom  Fixtures  for  Horizou^al  PiTotiug. 

Transom  Hardware.  Transoms  are  generally  hung  from  the 
top  or  bottom  with  fast-pin  butts;  or  with  pivots  in  the  center  of  the 
top  and  bottom  rail  allowing  them  to  swing  at  right  angles  with  the 
transom  bar,  which  is  called  'pivoting  vertically  (Fig.  61).  or  with 
pivots  in  the  center  of  each  side  to  allow  the  sash  to  swing  to  a  hori- 
zontal position,  which  is  called  pivoting  horizontally  (Fig.  62). 

It  is  not  necessary  to  refer  to  the  butts  here,  except  to  say  that 
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it  will  generally  be  more  satisfactory  to  pivot  the  transoms  than  to 
hinge  them,  for,  when  hinged,  it  is  necessary  for  the  transom  lifter 
to  carry  the  full  weight  of  the  sash,  which  it  very  often  fails  to  do 
satisfactorily;  whereas,  when  pivoted,  one  side  balances  the  other 
so  that  the  lifter  has  nothing  to  do  but  over- 
come the  friction  of  movement.  These 
pivots  are  simple  and  easily  applied. 

There  are  on  the  market  patented 
friction  fivots  of  various  types,  which, 
while  allowing  the  ordinary  pivot  action, 
hold  the  sash  in  any  required  position,  thus 
doing  away  with  the  lifter.  The  transom, 
either  pushed  or  pulled  by  an  ordinary  win- 
dow pole-hook  to  the  position  desired,  re- 
mains as  left.  To  lock  it  in  place,  a  large- 
size,  heavy  spring-ring  catch  is  put  in  the 
top  rail,  which  can  be  opened  with  the  hook 
on  the  pole. 

The  transom  lifter  (Fig.  63)  is  an  item 
in  which  little  improvement  has  been  made 
in  the  last  generation.  Its  operation  is  gen- 
erally unsatisfactory,  and  its  use  should  be 
avoided  if  possible ;  but  when  it  is  necessary 
to  use  a  lifter,  it  is  advisable  to  get  the 
heaviest  rods,  to  prevent  the  unavoidable 
spring. 

Cellar=Window  Hardware.  In  this  con- 
nection the  hinging  and  locking  of  small 
cellar  windows,  above  grade,  may  be  con- 
sidered. The  sash  are  usually  light;  and 
it  is  not  best  to  swing  any  portion  out,  as 
they  are  so  near  the  ground  that  the  portion 
turned  out  would  be  liable  to  damage.  Also, 
it  is  often  necessary  to  pass  things  through 
the  window  into  the  cellar,  and  this  requires  the  full  opening.  The 
sash  are  particularly  liable  to  shrinkage  and  swelling — more  often 
the  latter — which  cause  them  to  stick  in  the  frame.  Moreover,  the 
cellar  window  is  a  favorite  point  for  the  burglar's  entrance.     It  is 


Fig.  63.    Transom  Lifter. 
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Fig.  64.    Cellar- Window  Fastener. 


therefore  usually  necessary  to  hinge  cellar  windows  with  fast-pin 
butts  at  the  top,  to  swing  inward  and  up  against  the  joists,  and  to 
have  a  strong  handle  for  pulling  them  out  of  the  frame  when  they 
stick,  and  a  simple  lock.  Fig.  64  shows  a  simple  but  efficient  device 
for  fastening  a  cellar  window.     The  screws  in  the  part  on  the  frame 

should  be  the  longest  obtain- 
able; and  the  rivet  or  bolt 
holding  the  swinging  part  to 
the  plate  should  be  strongly 
secured,  so  that  both  points 
will  resist  any  ordinary  pres- 
sure from  the  outside.  If  a 
burglar  brings  his  "jimmy,"  it 
is  not  likely  that  any  appliance 
that  can  be  used  on  the  inside 
will  resist  its  pry.  For  holding  the  window  open,  a  strong  wire 
hook  and  eye  will  be  sufficient. 

Wardrobe  Hooks.  In  the  selection  and  arrangement  of  ward- 
robe hooks,  careful  study  will  greatly  increase  the  capacity  of  the  usual 
hanging  space.  It  is  a  mistake  to  select  one  type  of  hooks,  and  use 
that  throughout;  and  also 
to  consider  that  hanging 
space  is  confined  to  the 
walls.  For  ordinary  items, 
common  strong  wire  hooks 
(Fig.  65)  can  be  used,  set 
closely  together;  and  if  there 
is  depth  to  the  closet  fies 
can  be  hinged  so  as  almost 
to  double  the  hanging 
capacity.  In  Fig.  66,  A  A 
represent  the  flies  hinged  on  the  wall.  Arrangements  of  this  kind, 
however,  are  not  suitable  for  the  hanging  of  garments  which  are 
required  to  retain  certain  shapes.  For  these  articles,  long  horizontal 
hooks  or  pins  (Fig.  67)  should  be  provided;  on  these,  certain  gar- 
ments can  be  hung  close  to  the  wall;  while  such  items  as  coats  can  be 
placed  on  two,  one  in  each  arm,  so  that  they  will  retain  their  shape 
and  hang  clear  of  the  pieces  against  the  wall. 


Fis 


65.    Common  Type  of  Wardrobe  Hook 
Made  from  Wire. 
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Fig.  66.    Swinging  Flies  Hung  in  Closet  to  Economize 
Hanging  Space. 


In  the  more  expensive  materials,  many  special  types  of  hooks  are 
made  for  special  purposes.  They  generally  have  a  lower,  minor  hook, 
while  the  upper  arm  extends  outward  and  upward  for  hanging  hats; 
in  other  cases  the  upper  arm  extends  out  nearly  horizontally,  and 

then  dips  to  sup- 
^^  port  a  garment 
clear  of  that  below. 
A  very  useful  ar- 
ticle of  furniture  is 
a  tree  or  standard 
(for  use  in  bed- 
rooms), to  which 
are  secured  a  large 
variety  of  hooks  adapted  to  the  various  items  of  the  wardrobe  for 
daily  use. 

FINISHES  OF  HARDWARE 
It  is  necessary  that  hardware  should  have  some  special  finish; 
and,  as  in  the  case  of  wood  or  marble  or  any  other  fine  material,  the 
object  of  the  better  finishes  is  to  bring  out  and  intensify  the  qualities 
of  the  material  it- 
self. Cheap  hard- 
ware is  generally 
japanned  so  as  to 
present  a  smooth, 
shiny  black  surface; 
this  is  an  excellent 
coat  for  wear  and 
for  protection 
against  rust,  and  is 
not  of  objection- 
a  b  1  e  appearance. 
Where  ordinary 
unfinished  h  a  r  d  - 
ware  is  used,  it  should  be  painted,  varnished,  or  oiled  at  the 
same  time  the  wood  to  which  it  is  secured  is  finished.  It  is  also 
well  to  paint  the  surface  which  presses  against  the  wood;  if  tliis 
precaution  is  not  taken,  moisture  may  get  behind,  and  resulting 
rust  discolor  the  w^ood  below. 


Pig.  67.    Long  Wardrobe  Pins  and  Hooks. 
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Wrought  Finish.  Wrought  iron,  forged,  is  not  often  used  except 
for  specially  designed  work.  When  it  is  used,  it  should  be  finished 
under  the  hammer;  that  is,  all  the  marks  of  the  blows  should  be  left, 
and  no  attempt  made  to  file  or  smooth  up  the  parts.  The  surface 
can  be  coated  later  with  lacquer  or  some  thin  iron  paint  which  will  not 
obliterate  the  texture,  in  order  to  prevent  rust;  but  under  no  circum- 
stances should  a  coating  in  the  nature  of  heavy  lead  and  oil  paint  be 
ised. 

Cast  Bronze  and  Cast  Brass.  These  materials  (the  former  being 
from  85  to  92  per  cent  copper,  the  balance  tin  and  zinc;  the  latter 
from  60  to  70  per  cent  copper,  the  balance  zinc  and  lead)  are  the 
most  common  finishes  used  in  good  hardware.  They  are  sold  at 
comparatively  low  prices,  the  finish  being  generally  in  the  polished 
natural  color,  protected  by  a  colorless  lacquer.  There  are,  however, 
many  variations  from  this  practice — such  as  strong  greens — the 
results  being  produced  by  the  action  of  chemicals  artificially  applied 
after  all  mechanical  work  is  done.  Some  of  these  effects  are  very 
striking,  but  not  suitable  unless  the  surroundings  are  such  as  to  call 
for  such  peculiar  treatment. 

Bower=Barff  Process.  This  is  perhaps  the  most  successful  of 
finishes  for  interior  hardware.  It  is  applied  to  either  cast  or  wrought 
iron,  and  produces  an  intensely  dense  and  deep  black  color  free  from 
gloss,  over  which  no  protective  coating  is  needed.  It,  however,  is 
expensive — equal  in  cost  to  solid  cast  bronze;  and  moreover,  it  is  not 
so  tough  as  brass  or  bronze,  the  process  tending  to  make  the  metal 
brittle.  This  finish  is  not  suitable  for  outdoor  work  in  damp  climates, 
where  rust  is  apt  sooner  or  later  to  attack  it  in  such  a  way  as  to  disinte- 
grate the  surface.  Wliile  constant  protection  with  lacquers  might 
prevent  or  check  this  action,  it  is  better  practice,  in  exterior  work, 
to  use  a  finish  adapted  thereto. 

Plating.  As  previously  stated,  this  form  of  finish  is  used  exten- 
sively in  connection  with  butts,  to  make  them  correspond  with  the 
genuine  brass  or  bronze  used  in  knobs,  etc.,  where  plating  would  soon 
be  worn  off.  For  such  purpose  it  is  appropriate  and  enduring;  but 
for  exterior  work,  plating  should  not  be  used.  Silver  and  gold  plating 
are  employed  to  a  limited  extent,  but  on  account  of  the  expense  they 
are  little  used  except  in  specially  designed  work. 
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SELECTING   AND   BUYING    HARDWARE 

There  is  no  part  of  the  building  process  in  which  the  necessity 
for  absolute  system  is  greater  than  in  selecting  and  making  out  a  bill 
of  Hardware.  To  illustrate  this  point,  let  us  take  the  example  of  the 
Colonial  House  of  which  detailed  plans  are  given  in  the  section  on 
"Estimating"  in  Volume  H.  It  is  surprising  to  find  that  there  are 
required  approximately  50  types,  exclusive  of  nails,  screws,  bolts, 
etc.;  and  that  there  are  1,100  pieces  of  these  various  types  required  in 
this  one  building.  Hardware  is  expensive  to  buy,  and  expensive 
to  'put  on.  If  these  eleven  hundred  pieces  get  mixed,  a  large  amount 
of  valuable  time  is  consumed  in  getting  them  arranged;  if  too  much 
is  bought,  the  excess  is  a  loss,  as  it  is  difficult  to  return  broken  lots ; 
if  not  enough  is  purchased,  the  loss  of  time  in  going  over  the  work 
again  and  again  to  find  what  is  missing,  is  expensive ;  and  waiting  to 
have  delivered  the  last  belated  portions  of  material  still  lacking,  is 
exasperating. 

Therefore  the  first  thought  should  be  to  place  the  whole  matter 
in  such  orderly  shape  that  every  point  in  connection  with  the  selection, 
arrangement,  and  distribution  is  settled,  and  so  clearly  noted  that 
future  uncertainty  relative  to  any  point  will  be  impossible.  It  is  also 
necessary  to  determine  the  exact  cost  of  the  entire  bill  before  deciding 
on  any  of  the  types;  and  only  with  a  complete  list  is  it  possible  to  find 
just  the  relationship  between  the  cheaper  and  better  lines. 

For  all  these  reasons,  a  most  useful  purpose  will  be  served  if  we 
now  proceed  to  set  forth  in  detail,  step  by  step,  a  scheme  for  preparing 
bills  of  hardware,  so  arranging  the  items  that  definite  and  intelligent 
decision  can  be  made,  and  serving  also  as  a  guide  to  the  expeditious 
and  accurate  arrangement  and  distribution  of  the  materials  to  the 
proper  points  for  installation. 

It  is  evident  that  the  types  at  each  point  must  be  practically 
the  same  for  all  grades.  Thus,  for  instance,  a  door  requires  butts 
(4x4  or  5  X  5  inches)  irrespective  of  whether  they  are  wrought-iron , 
japanned,  bronze-plated,  or  solid  cast  bronze.  Two  knobs  are 
required  whether  "Mineral"  jet,  wood,  glass,  or  bronze  ds  used. 
Therefore,  in  proceeding,  the  question  of  quality  of  material  will 
generally  be  disregarded,  except  in  cases  such  as  knobs,  where  it  is 
desirable  to  use  a  better  material  for  the  selected  type  in  the  major 
rooms  and  a  cheaper  material  in  the  minor. 
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After  the  list  is  completed,  it  can  be  made  out  in  three  forms — 
the  first  designating  the  cheapest  line  appropriate;  the  second  desig- 
natino-  a  line  of  intermediate  grade;  the  third,  the  best  grade  which  is 
suitable. 

In  preparing  these  three  lines,  there  are  many  appliances  which 
will  not  be  varied.  In  the  case  of  locks,  for  example,  a  thoroughly 
good  grade  should  be  used  in  the  cheap  line;  there  is  no  advantage  to 
be  gained  in  selecting  expensive  locks  of  the  more  intricate  mechanism 
and  more  elaborate  design,  even  for  the  better-grade  schemes. 

After  these  bills  have  been  prepared,  figures  can  be  readily 
obtained  on  each,  so  that  an  intelligent  decision  based  thereon  can 
be  made. 

Listing  the  Items.  The  first  step  is  to  lay  out  the  floor-plans, 
showing  every  point  at  which  hardware  is  required  (Figs.  68-71). 
Doors  should  be  indicated  with  their  swing  right-hand  (R.  H.)  or 
left-hand  (L.  H.).  In  the  case  of  windows,  it  can  generally  be 
taken  for  granted  that  small  cellar  windows,  unless  otherwise  indi- 
cated, are  hinged  at  the  top  to  swing  up  against  the  first-floor 
joists,  and  that  all  other  window^s,  unless  otherwise  indicated,  are 
double-hung  with  cord  and  weights.  The  location  of  china  closets, 
pantries,  linen  rooms,  etc.,  in  which  are  cupboards,  drawers,  hooks, 
etc.,  should  be  clearly  shown.  These  plans  should  be  very  simple, 
carrying  no  details  except  those  necessary  to  indicate  the  need  for 
hardware  at  the  various  points.  It  is  better  to  make  the  drawings  on 
tracing  cloth  or  onion  skin,  so  that  after  the  hardware  is  designated 
thereon,  prints  can  be  taken  for  the  use  of  the  workmen. 

On  these  skeleton  drawings,  every  point  requiring  hardware 
should  be  numbered.     Thus, 

Basement  Doors  should  begin  with  1,    2,    3,  etc. 

"        Windows  should  begin  with  50,  51,  52,  etc. 
"        Closets,  cupboards,  etc.,  should  begin  with  90,  91,  92,  etc. 
First-story  Doors  should  begin  with  101, 102, 103,  etc. 
"        "       Windows  should  begin  with  150, 151, 152,  etc. 
"        "      Closets,  cupboards,  etc.,  should  begin  with  190,  191, 192,  etc. 
Second-story  Doors  should  begin  with  201,  202,  203,  etc. 
"        "        Windows  should  begin  with  250,  251,  252,  etc. 
"        "         Closets,  cupboards,  etc.,  should  begin  with  290,  291,  292,  etc.,  etc. 

In  this  way  the  floor  on  which  any  number  occurs  can  be  recog- 
nized.    Breaks  in  the  numbering  should  be  allowed,  as  it  will  be 
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found,  in  working  out  the  later  details,  that  certain  points  have  been 
overlooked,  and  numbers  can  then  be  assigned  which  will  not  neces- 
sitate any  rearrangement. 

It  will  be  noticed  that  in  the  above  scheme  of  numbering,  we 
have  subdivided  our  hardware  into  three  distinct  lots — namely, 
for  doors,  for  windows,  and  miscellaneous  items.  ,  It  is  well  throughout 
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Fig.  68.    Basement  Plan  with  Hardware  Items  Indicated. 

to  keep  these  subdivisions  entirely  distinct,  as  in  this  way  all  liability 
to  confusion  will  be  practically  avoided. 

The  second  step  is  to  make  a  list  of  appliances  which  will  be 
required  under  the  various  divisions.  Thus,  under  the  heading 
Doors,  we  shall  have 

Butts  of  various  sizes, 
Locks   "        "       kinds. 
Etc.  Etc. 
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Under  the  heading  Windows,  we  shall  have  such  items  as 

Pulleys, 
Sash-locks, 
Etc.  Etc. 

Under  Miscellaneous,  the  list  would  include  such  items  as 

Hooks, 
Drawer-pulls, 
Etc.  Etc. 

Each  item  in  this  list  should  be  numbered;  and,  to  prevent  con- 
fusion, designating  letters  should  be  attached,  indicating  the  division 
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Fig.  69.    First-Floor  Plan,  -witli  Hardware  Items  Indicated. 

to  which  it  belongs.  All  numbers  for  door  hardware,  for  example, 
should  carry  the  letter  D,  as  D  1,  D  2,  D  3,  etc.;  those  for  windows 
should  carry  the  letter  TF,  as  TF  50,  TF  51,  W  52,  etc.;  and  those  for 
miscellaneous  items  should  carry  the  letter  M,  as  M  90,  M  91,  M  92> 
etc. 

The  third  step  consists  in  placing  on  the  drawings,  under  each 
door,  window,  or  miscellaneous  item,  the  designating  numbers  of 
the  liardware  appliances  required,  so  that  it  will  be  possible,  by 
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merely  referring  to  the  plan,  to  ascertain  just  the  hardware  that  will 
be  required  at  each  point.  Several  prints  of  these  drawings  should 
be  made,  as  the  successful  placing  of  the  hardware  is  dependent  on 
following  without  deviation  the  lines  thus  laid  down.  The  placing 
of  a  few  items  in  wrong  locations  would  produce  confusion  throughout 
the  whole  line. 

The  fourth  step  is  to  take  three  sheets  of  ordinary  section  paper 
ruled  to  quarter-inch  squares  each  way,  and  to  place  on  these  sheets 
respectively,  up  and  down  at  the  left-hand  edge,  the  layout  numbers 
of  the  doors,   windows,   and   miscellaneous   items.     (See  Quantity 
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Fig.  70.    Second-Floor  Plan,  with  Hardware  Items  Indicated. 

Sheets,  pages  52-54.)  Also,  across  the  top  of  the  sheets,  place  the 
designating  numbers  of  the  different  items  of  hardware  required 
under  each  division.  Then,  in  the  squares  at  the  intersections  of 
the  lines  running  from  the  plan  numbers  and  those  dropping  from 
the  hardware  numbers,  note  the  quantity  required. 

There  will  be  many  occasions  when  for  several  doors  or  windows 
the  same  fixtures  will  be  required.  This  condition  is  apt  to  breed 
carelessness,  and  mistakes  are  likely  to  occur  for  lack  of  distinct  con- 
sideration of  each  item.  If,  through  lack  of  care,  three  or  four  unneces- 
sary appliances  are  included,  their  cost  will  more  than  offset  the 
entire  expense  of  making  a  careful  bill  in  the  first  place. 
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As  an  example  of  how  mistakes  are  liable  to  occur,  note  the 
window  indicated  between  windows  Nos.  255  and  256  in  Fig.  70. 
This  window,  being  on  the  stair,  is  shown  in  both  the  first  and  second 
story  floors,  and  the  hardware  therefor  was  included  in  the  first-story 
items.  Unless  distinct  consideration  is  given  to  each  item,  it  would 
be  a  natural  mistake  to  double  the  order  for  this  window;  it  would  also 
be  a  natural  mistake  to  include  blind  hardware  for  158,  160,  161, 
and  162;  but,  by  carefully  examining  the  elevations,  it  is  found  that 
no  blinds  are  required.  Further,  unless  the  detail  sections  through 
the  pantry  are  studied,  the  arrangements  for  drawers,  cupboard, 
flour-box  are  not  understood. 
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Fig.  71.    Attic  Plan,  with  Hardware  Items  Indicated. 

The  sheets  are  completed  by  adding  the  numbers  in  the  vertical 
columns  to  obtain  the  exact  number  or  quantity  of  each  item  required. 
The  success  of  this  entire  scheme  depends  on  absolute  accuracy. 

At  this  point  is  it  very  desirable  that  the  results  be  proven  correct. 
It  is  generally  useless  to  go  over  the  work  a  second  or  third  time, 
following  the  original  line,  since  the  same  mistakes  are  generally  made 
each  time.     Some  independent  line,  accordingly,  should  be  selected. 
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in  order  to  detect  errors.  A  simple  method  is  to  add  the  number  of 
apphances  required  for  all  points  on  the  various  plans,  and  then  add 
the  numbers  on  the  sheet  last  prepared;  if  these  sums  agree,  it  is  rea- 
sonably certain  that  no  mistakes  have  been  made. 

For  instance,  counting  the  items  required  for  doors  throughout, 
we  find  we  have  as  follows: 

Basement  14  items 

First  Floor  55     " 

Second  Floor  48    " 
Third         "         6     " 

Total ....    123  items  required  for  doors. 

Adding  up  our  quantity  sheet,  allowance  has  to  be  made  when 
more  than  one  of  the  items  is  used  at  one  point.  For  instance  three 
butts  are  required  for  each  door,  but  they  are  noted  on  the  plan  as 
only  one  number. 

We  obtain  the  total  of  the  items  from  the  quantity  sheet,  as 
shown  on  page  52,  as  follows: 

Under  D  3,  the  total  93  ^  3  =  31  items, 

"    Di,     "       "     18^  3=    6       " 
Item    D  5,  is  doubled  at  one  point,  so  that  total  3  —  1  =  2  items 
Items  D  6    to    D21,  inclusive  =  81  items. 
D  22  is  only  one  item  on  the  plan  —    1     " 
D  23  and  D  24  =     2     " 

Total   1.23  items. 

In  case  the  totals  do  not  agree,  add  each  floor  on  the  quantity 
sheet  so  as  to  locate  the  discrepancy  on  one  floor.  When  so  located, 
it  can  be  quickly  found. 

The  fi'th  step  is  to  incorporate  the  quantities  now  found  in  a 
bill  or  list  which  should  distinctly  state  the  character  and  quality  of 
each,  and  include  the  requirement  that  all  necessary  screws  shall 
be  provided.  In  doing  this,  the  separate  items  may  be  described 
in  detail,  or  referred  to  under  their  catalogue  numbers  (if  catalogues  are 
at  hand).  Ordinarily,  however,  the  most  economical  plan  is  to  take 
the  list  to  a  dealer,  and  find  what  he  can  furnish  the  cheapest  to  meet 
each  requirement. 

CATALOGUES 

It  is  entirely  outside  of  the  province  of  this  paper  to  attempt  to 
catalogue  the  hardware  now  made.     There  is  no  line  of  manufacture 
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in  which  the  details  are  more  intricate,  and  few  retail  or  even  whole- 
sale stores  carry  a  full  Hne  of  any  particular  make.  To  persons 
interested  in  the  purchase  of  hardware,  it  is  suggested  that  upon 
rc(iuest  the  manufacturers  will  forward  catalogues  showing  their 
various  lines;  or  such  catalogues  can  be  borrowed  from  a  retail 
store.  Any  order  for  other  than  the  commonplace,  low-priced,  stock 
hardware  will  generally  be  filled  at  the  factoiy. 

Any  prices  quoted  in  any  textbook,  can  be  taken  only  as  a  general 
guide;  and  it  must  be  remembered  that  prices  of  hardware  are  espe- 
cially liable  to  fluctuation.  In  busy  times,  it  is  often  difficult  to 
obtain  a  "bill  of  hardware"  even  at  full  market  prices;  whereas,  when 
a  slight  easing  off  in  business  occurs,  manufacturers  and  their  agents 
not  infrequently  make  material  cuts  in  prices,  in  order  to  keep  their 
shops  full  during  the  quiet  season. 

When  work  on  any  bill  has  reached  this  point,  it  is  evident  that 
the  buyer  can  soon  reach  a  decision  as  to  whether  it  is  necessary 
for  him  to  buy  a  lower  grade  of  hardware  than  he  first  intended,  or 
whether  he  can  afford  a  better. 

Under  the  more  comnion,  slipshod  way  of  buying  hardware 
a  man  selects  a  few  of  the  more  prominent  items  without  reckoning 
the  cost  of  the  numerous  unlisted  class,  and  is  generally  disappointed 
at  the  conclusion  in  two  ways — first,  in  finding  the  number  of  items, 
and  their  expense,  about  double  his  first  idea;  and  second,  in  finding 
that  he  has  bought  a  lot  of  appliances  not  suited  to  his  wants,  costing 
as  much  as  the  items  which  were  desired,  but  which  his  lack  of  fore- 
thought and  system  prevented  him  from  getting. 

Following  the  lines  above  laid  down,  our  layout  plans  will 
appear  somewhat  as  illustrated  in  Figs.  68  to  71 ;  and  our  memoranda 
will  have  assumed  a  form  something  like  the  following: 

Hardware  for  Doors 

D3  Loose-pin  japanned  iron  butts,  with  tip,  4  in.  x  4  in 

D4:      "        "  "  "        "  "       "    Sin.  X  5  in. 

D5  Plain  tee-hinges,  14  in. 

D6  Knob-latches,  E.  i/. 

D7      "  "        L.H. 

D8      "  "        stopwork  and  pass  ke}^,  R.  H, 

D9      "  "        thumb-bolt R.H. 

DIO    "  "  "        "      L.H. 
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Dll  Knob-latches,  dead  bolt B.H. 

D12    "  "  "        "      L.II. 

D13  Sliding-door  latch. 

Z)14  Mineral  knobs. 

2)15  Iron  store-door  latch,  with  thumb-piece. 

DIG  Jet  knobs. 

D17  Padlock  and  hasp. 

DIS  Chain-bolt. 

Z)19  Sliding-door  hanger 

D20  Refrigerator  clamp. 

D21  Double-acting  butts 

D22  Push-plates. 

Z)23  Heavy  iron  bolt. 

2)24  Push  button  for  electric  bell. 

Hardware  for  Windows 

TF30  Fast-pin  plain  iron  butts,  3  in.  x  3  in. 

WSl  Pulleys,  2  in.  on  running  face 

TF32  Sash-lifts,  Hook. 

TF'33  Heavy  cellar-window  fastener 

TF34  Loose-pin  butts,  5  in.  x  5  in.,  same  as  D  4. 

Tr35  French  window  latch,  L.  H. 

"PF36  Extension  bolt. 

W37  Wire  hook  and  eye. 

Tl^'38  Sash  lock. 

TT'39       "     cord. 

TT''40       "    weights. 

TF41       "    sockets.' 

TF42       "    hook. 

W50  Blind  hinges. 

W^51       "     hold-backs. 

TT"52       "     catches. 

TF53       "     adjuster. 

Miscellaneous  Hardware 

M60  Towel  hooks. 

M61  Coat  hooks. 

3f  G2  Wardrobe  hooks. 

il/63  Wire  closet  hooks. 

M64  Knee-catches. 

M65  Cupboard  spring  catches. 

M66  Drawer-pulls. 

M67  Loose-pin  butts,  with  tips,  3  in.  x  3  in, 

M68  Fast-pin        "      no        "     2  in.  x  2  in. 

ilf  69  Toilet-paper  holder. 

ilf70  Pivot  for  flour-box  (1  pair). 

Mil  Chain  to  hold  drop-front  drawers. 

il/72  Flush-ring  cupboard  catch„ 
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Quantity  Sheet,  Door  Hardware 
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Quantity  Sheet,  Miscellaneous  Hardware 
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1 

M64 

M65 

M66 

M67 

iW68 

M69 
1 

M70 

M71  M72 

90 

4 

91 

3 

12 

190 

1 
1 
1 
1 
2 

1 

1 
1 
1 
1 
2 
1 

3 

3 
3 

4 

2 
2 
2 

2 
4 
2 

191 

192 

193 

194 

195 

1 

290 

4 

6 

1 

291 

3 

05 
Pi 

'S 
PL, 

292 

24 
30 
30 

293 

2 

2 

«3 

294 

295 

3 

9:0 

3 

296 

2 
2 

30 
30 

297 

7 

8 

10 

156 

7 

7 

16 

14 

3 

2 

1 

9:0 

3 

Based  on  the  foregoing  memoranda  and  quantity  sheets,  we  are 
now  prepared  to  make  out  a  hst  covering  every  detail  of  hardware 
required,  and  to  submit  same  for  quotation  of  prices.  This  Hst,  with 
prices  quoted  as  current  in  September,  1907,  for  cheap,  medium, 
and  best  grades  of  hardware  will  assume  substantially  the  form  of 
one  of  the  following  bills : 


BILL  No.   1 

Bill  for  the  Cheapest  Grade  of  Hardware  which  under  any  Conditions 

would  be  Suitable 

DOORS 

D3        93,  4x4  in.  wrought-iron  japanned  loose-pin  butts,  Price 

5  knuckles,  with  tips  on  pins;  47  pairs @$0.18.  .  .  .$     8.46 

Z)4        18,  5x5  in.  butts,  same  as  above;  9  pairs @  .30....       2.70 

D5         3  Pairs  14  in. plain  tee-hinges @  .20.  .  .  .          .6(? 

D6          4  R,  H.  plain  knob  latches,  brass  front,  and  strike- 
plate,  all  interior  works  of  brass  or  bronze @  .  80 . .  . .        3 .  20 

D7         4  L.  H.  latches  same  as  above @  .  80 .  .  . .       3 .  20 

D8          2  R  H  cylinder  latches  with  flat  pass  key  and  stop- 
work  (works  same  as  above) @  4 .00 ...  .       8 .00 

2)9         5R.  H.  latches  with  thumb-bolt  (works  same  as 

above) @  1 .00 5 .00 

DIO       4  L.H.  latches  with  thumb-bolt  (works  same  as 

above) @,  1 .00 4 .00 
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11 

.00 

2 

15 

1 

.10 

.20 

Dll        6  R.  H.  latches,  dead-bolt,  with  three  tumblers  and 

bit  key  (works  same  as  above) (a),  1 .  00 ...  .       G .  00 

D12      11  L.  H.  latches,  dead-bolt,  with  three  tumblers  and 

bit  key  (works  same  as  above)   @  1 .00 

D13        1  Sliding-door  latch,  all  brass  or  bronze  except  case 
D14      11  Mineral   door-knobs,    round,   iron  escutcheons, 

common  spindles @      .10. 

D15        1  Heavy    japanned    iron    store-door    latch    with 

thumb-piece 

DIG      25  Pairs  jet  knobs,  with  23  pairs  plain  bronze-plated 

escutcheons  approximately  lix5^  in.  @  34c.  . .       7.82 

and  2  pairs  solid  bronze  similar  escutcheons,  1 

pair  for  front  vestibule  door,  and  1  only  for  out- 
side of  2nd  vestibule  door  and  back  hall  door 

@  81c 1 .62 9 .44 

D17        1  2§-in.  Padlock  and  hasp,  all  iron  except  interior 

of  padlock,  which  is  to  be  of  brass  and  to  have 

three  timiblers;  also  chain  for  securing  padlock 

when  not  in  use 

7)18        3  Chain-bolts,  plain  wrought  iron,  bronze-plated. .  .  @      .GO . 
D19        1  Set  sliding-door  hanger  and  track,  with  5-in.  iron 

anti-friction  wheels 

D20        1  Refrigerator  clamp,  cast-iron  galvanized,   G-in. 

lever  handle  with  6-in.  bolt 

D21        1  Pair  6-in.  japanned   iron   doul^le-acting  .spring 

butts 

D22        2  Push-plates  approximately  3x12  in.,  wrought- 

iron,  bronze-plated @      .40 . 

D23        1  Heavy  iron  G-in.  bolt 

D24        1  Solid  bronze,  plain  electric  bell  push-button-. .... 

Total  cost  for  doors I  74.55 

WINDOWS 

TT'30     10  Pairs  3x3  in.  fast-pin  plain  iron  butts @  S0.06|...$        .65 

WSl  156  Window  pulleys,  wheel  2-in.  on  running  face, 
steel  pin  and  bushing,  wheel  and  face  iron,  13 
doz @   1 

W32  54  Hook-pattern  sash-lifts  at  least  Ifxlf  in.  bronze- 
plated  iron,  4^  doz   @ 

W33     10  Heavy  cellar-window  fasteners,  combined  with 

pull,  japanned  iron @ 

TT^34       6  Pairs  5x5  in.  loose-pin  butts  (same  as  Z)  4) @ 

Pl'35  2  L.  H.  French  window  latches  with  lever  handle 
(similar  throughout  to  No.  7,  except  that  in 
depth  they  are  to  be  no  more  than  1 J  in) @      .  GO .  .  . .        1 .  20 

PF3G  4  Flush  bolts  with  knob  or  lever  operating  device, 
12  in.  long,  bolt  §  in.  in  diameter,  all  visible  parts 
iron,  bronze-plated @        40 ...  .        1 .60 


3B7 


.40 

1 

.80 

4 

.00 

.40 

1 

.75 

.80 

.15 

.20 

.00... 

.      13.00 

.28... 

1.26 

.08... 

.80 

.30... 

1.80 
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TT'37     10  Wire  hooks  and  eyes,  4  in.  long,  wire  not  less 

than  J  in.  in  diameter  (No.  11  gauge) @      .02.  .  .  .  .20 

TT^3S  39  Sash-locks,  approximately  2Jx2J  in.,  iron, 
japanned,  with  horizontal  action  and  of  such  de- 
sign that  sash  will  be  drawn  J  in.,  3^  doz @  1.03... 

Tr39  600  feet  I  in.  braided  (white)  cotton  sash-cord,  13  lbs. @      .  30 .  . 

TF40  1 56  Sash-weights  (iron) ,  approximately  1 ,800  lbs @      .  01  f  *  . 

1^41     21  Flush  sash-sockets,  1  in.  diameter,  iron,  If  doz  .  .  @      .25 .  . 

TF42       4  Pull-do\\m  liooks,  bronzed  iron,  mounted  on  poles 

5  feet  long @      .40 . . 

TF50     69  Pairs  wrought-iron  blind  hinges @      .09 .  . 

TF51     46  Wrought-iron  blind  fasteners,  3g  doz @      .50.  .  . 

TT^52     46  Iron  blind  catches  for  sill,  3|  doz @      .12... 

1T"53  22  Sets  blind  adjusters,**  rods  not  less  than  ^^  in.  in 
diameter,  which  will  hold  the  blind  open  at  any 
angle  up  to  60°  from  the  house,  If  doz 3 .  50   ....       6 .  42 


3 

25 

3 

.90 

31 

50 

.44 

1 

.60 

6 

.21 

1 

.92 

.46 

Total  cost  for  windows $  76.21 

MISCELLANEOUS  HARDWARE 

M60       7  Towel  hooks,  japanned  iron,  projection  6  in..    .@$0.15....$     1.05 

MQl       8  Coat         "  "  "  "         6in...@      .15 1.20 

M62     10  Wardrobe"  "  "  "         3iin...@      .03 30 

M63  156  Wire  closet  hooks,  ly^a  gross @      .90 98 

jVf64  7  Knee-catches,  iron,  japanned,  plate  on  door  ap- 
proximately 1x2  in @    .06^.  .  .  .  .44 

M65       7  Cupboard  spring  catches   round  or  T-handles, 

basenot  less  than  2x2  in.,  japanned  iron @      .25....        1.75 

M66     16  Plain  iron  drawer-pulls,  japanned,  not  less  than 

4  in.  long,  one  to  be  used  on  each  drawer,  also  one 

on  flour-box,  1^  doz @      .  40 .  .  .  .  .54 

M67     14  Pairs  3x3  in.  loose-pin  butts  with  tips,  japanned 

iron,  2  to  each  cupboard  door @      .08....       1.12 

M68       3  Pairs  2x2  in.  fast-pin  butts,    iron    (drop-front 

drawers) @      .  05 .  .  . .  .15 

il/69       2  Toilet-paper    holders,    nickel-plated,    to    hold 

rolled  paper,  and  of  heavy  plain  pattern @      .  30 . .  . .  .60 

il/70       1  Pair  heavy  iron  pivots  for  flour-box @      .15....  .15 

iV/71       9  feet  of  light  brass  chain,  for  holding  in  horizontal 

position  drop  fronts  of  drawers @      .01^ 14 

M72       3  Flush-ring  cupboard   catches  for   closing   drop 

fronts  to  drawers @      .  30 .  .  .  .  .90 

Total  cost  for  Miscellaneous  Items $9 .32 


*  Note. —The  price  of  sash-weights  varies  materially  in  different  localities,  depend- 
ing on  local  facilities  for  casting  them. 

**  Note. — If  of  a  type  combining  sill  catch  for  securing  blinds  when  6hut,  W52  can 
be  dispensed  with;  but  under  any  circumstances  W51  will  be  required. 
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Summary 

Hardware  for  Doors   $  74  .  55 

"  "  Windows 76  .21 

"  "  Miscellaneous  Items 9 .32 

Total  cost  for  cheapest  grade  of  hardware  suitable $160  .08 

The  hardware  items  Hsted  in  the  above  bill  are  all  of  a  substantial 
character,  but  of  such  grade  that  at  no  point  is  money  expended  for 
the  sake  of  appearances.  The  total  cost,  $160.08,  is  certainly  a  very 
low  amount  to  expend  for  hardware  in  a  home  of  this  character.  In 
several  points,  accordingly,  changes  from  the  above  list  can  be  made 
with  advantage,  as  follows: 

BILL  No.  2 
Hardware  of  Middle  Grade  in  Every  Respect  Suitable 

DOORS 

D3  All  butts  for  second  story  changed  to  a  good  quality 
bronze-plated  butts,  making  these  items: 

35  Pairs,  unchanged @,  : 

12  Pairs,    changed @ 

D4  9  Pairs,  changed  to  finish  as  above @, 

D5,  D6,  D7,  D8,  D9,  DlO,  Dll,  Dl2,  D13,  DU,  D15,  price 
unchanged 

D16  23  Pairs  of  jet  knobs  changed  to  spun  or  wrought 
metal,  escutcheons  not  changed  but  with  screw- 
less  spindles @, 

2  Pairs  changed  to  cast  bronze  knobs  to  go  with 
bronze  escutcheons  (outside  doors) (Si 

D17,  D18,  D19,  D20,  D21,  unchanged 

D22  Bronze  push-plates  in  lieu  of  bronzed  iron  (for 

wearing  qualities  only),  2 @ 

D23  Unchanged 

D2i  One  solid  bronze  electric  bell  push-button  with  face- 
plate 2  in.  X  4  in 

Total  cost  for  Doors 


.18..  . 

.$    6.30 

.43. . . 

5.16 

.57.. . 

5.13 

.86. 


1.50. 


44.45 


19.78 


.60. 


3 

.00 

8 

.35 

1 

.20 

15 

50 

WINDOWS 

W30,  W31,  W32,  W33,  unchanged 

TT"34     Changed  same  as  D4,  6  prs @  $0.57 .  . 

TF35     Unchanged 

TF36     Flush-bolts  changed  to  bronze,  4 @,  1 .35.  .  . 

TF37,  TT^38,  TT^39,  TF40,  unchanged 

11^41     21  Sash  sockets  changed,  1  in.  x  2  in.  bronzed  iron  .  .  @      .  50  doz 
Tr42, 11^50,  TT'Sl,  Tr52,  TT'53,  unchanged 

Total  cost  for  Windows 


$  94.02 


15.71 
3.42 
1.20 
5.40 

38.85 

.88 

16.61 

$  82.07 
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MISCELLANEOUS  HARDWARE 

.1/60,  il/61,  M62, 71/63,  il/64,  unchanged $  3 .97 

^1/65       7  Cupboard  spring  catches,  changed  to  bronzed 

iron  (same  price  as  japanned), @  .  25 .  .  .  .  1  .  75 

M66     16  Drawer-pulls,  changed  to  bronze-plated @  .60  doz.  .80 

il/67  - 14  Pairs  3  in.  x  3  in.  loose-pin  butts,  changed  to 

bronze-plated @  .18....  2.52 

A/68,  il/69,  il/70,  M71,  M72,  unchanged 1 .  94 

Total  Cost  for  Miscellaneous  Items $  10 .98 

Summary 

Hardware  for  Doors ■ $  94  .02 

"  "  Windows 82  .07 

"  "  Miscellaneous  items 10 .98 

Total  cost  for  hardware  of  middle  grade  in  every 

respect  suitable $187  .07 

If  it  is  desired  to  place  the  best  hardware  which  is  in  any  way 
suitable  for  the  dwelling  under  consideration,  a  bill  along  the  follow- 
ing lines  would  be  made  up  (not  duplicating  the  detail  of  the  first  or 
second  bills  where  unchanged): 

BILL  NO.  3 
Hardware  of  Best  Grade 

DOORS 

D3       All  butts  in  second  story  changed  to  the  best  quality 
of  bronze-plated  or  wrought-bronze,  ball-bearing 

12 pairs @  $0.62 $    7.44 

Unchanged,  35  pairs @  .  18 . .  . .  6 .  30 

D4         9  Pairs  changed  to  finish  same  as  above @  .  75 .  .  .  .  6.75 

D5,  D6,  D7,  D8,  D9,  DIO,  DU,  D12,  D13,  DU,  D15,  un- 
changed   ....  44.45 

Z)16      23  Pairs  of  knobs  and  escutcheons,  changed  to  cast 

metal @  1.50 34.50 

2  Pairs  not  changed  from  Bill  No.  2 3.00 

D17,  D18,  Unchanged 2 .  20 

D19      One  set  sliding-door  hangerSjChanged  to  ball-bearing  ....  5.50 

2)20      One  refrigerator  clamp,  changed  to  brass ....  .75 

D21      One  spring  double-acting  hinge  unchanged ....  1 .75 

I>22,D23,Z)24,  unchanged  from  Bill  No.  2 1.85 

Total  Cost  for  Doors $114.49 

WINDOWS 
n'30     Unchanged S     0 .65 
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TT'31     15G  Window  pulleys,  changed  to  bronze  face  and 

wheel,  roller-bearings,  18  doz @ 

TT32     54  Flush  bronze  sash-lifts,  3  in.  x  1|  in @, 

TT'33     Same  as  in  Bill  No.  1 

Tr34       6  Pairs,  changed  to  best-quality  bronze-plated  or 

wrought  bronze,  ball-bearing @, 

TT^35     Unchanged 

W36  "  from  Bill  No.  2 

WS7  "  "       "       "    1 

TT''38     39  Solid  bronze  sash-locks,  3^  doz @ 

TF39     600  Feet  sash  chain  in  lieu  of  cotton  cord @ 

TF40     Unchanged  from  Bill  No  1 

WAl     21  Sash  sockets,  same  as  in  Bill  No.  2 

W42       4  Bronze  pull-down  hooks  polished  poles @ 

TF50,  TF51,  TT'52,  TT'53,  unchanged 

Total  Cost  for  Windows 


4. 60  doz.  59.80 

.60  doz   2.70 

.80 

.75. 

4.50 

..   1.20 

5.40 

.20 

4.00. 

..  13.00 

.02i 

..  13.50 

..  31.50 

.88 

1.00. 

..   4.00 

..   15.01 

$153.14 


MISCELLANEOUS  HARDWARE 

M60,  il/61,  il/62,  M63,  M6-i,  71/65,  M66,  M67,  iV/68,  il/69,  M70, 

il/71,  .^/72,  unchanged  from  Bill  No.  2 $10 .98 

Summary 

Hardware  for  Doors $114.49 

"  Windows   153 .14 

"  "  Miscellaneous  Items 10  98 

Total  Cost  for  Hardware  of  Best  Grade  .  .  .  $278 .61 

By  comparing  the  figures  of  these  three  bills,  it  will  be  seen  that 
the  price  varies  as  follows : 

Bill  No.  1 — Very  plain  but  thoroughly  sub- 
stantial hardware $160.08 

Bill  No.  2 — Varying  from  the  above  by  us- 
ing more  ornamental  fixtures 187 .07 

Bill  No.  3 — By  using  the  best  material  and 

appliances  appropriate 278  .61 

Attention  is  very  particularly  directed  to  the  fact  that  none  of 
the  bills  call  for  designs  with  other  than  plain  surfaces.  For  general 
use,  where  the  best  results  from  all  points  are  desired,  the  scheme 
on  which  Bill  No.  2  is  based  is  by  far  the  best.  Few  persons  would 
ever  notice  a  difference  between  schemes  No.  2  and  No.  3,  although 
the  latter  costs  nearly  50  per  cent  more  than  the  former. 


371 


REVIEW  QUESTIONS 


PRACTICAL  TEST  QUESTIONS. 

In  the  foregoing  sections  of  this  Cyclopedia  nu- 
merous illustrative  examples  are  worked  out  in 
detail  in  order  to  show  the  application  of  the 
various  methods  and  principles.  Accompanying 
these  are  samples  for  practice  which  will  aid  the 
reader  in  fixing  the  princij^les  in  mind. 

In  the  following  pages  are  given  a  large  num- 
ber of  test  questions  and  problems  which  afford  a 
valuable  means  of  testing  the  reader's  knowledgfj 
of  the  subjects  treated.  They  will  be  found  excel- 
lent practice  for  those  preparing  for  Civil  Service 
Examinations.  In  some  cases  numerical  answers 
are  given  as  a  further  aid  in  this  work. 
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REVITLT^^    QUESTIONS 

ON     THE     STTRJEOT     OF 

STRENGTH   OF   MATERIALS 

PART    I, 


1.  When  a  |-inch  round  rod  sustains  a  pull  of  10,000 
pounds,  what  is  the  value  of  the  unit-tensile  stress  in  the  rod  ? 

2.  "What  do  you  understand  by  Ilooke's  Law  ? 

3.  What  are  the  dimensions  of  a  square  white  pine  post, 
needed  to  support  a  steady  load  of  6,500  pounds  with  a  factor  of 
safety  of  8  ? 

4.  How  large  a  force  is  required  to  punch  a  1-inch  hole 
through  a  |-inch  plate  of  wrought  iron,  if  the  ultimate  shearing 
strength  of  the  material  is  40,000  pounds  per  square  inch  ? 

5.  Compare  the  ultimate  strengths  of  wood  along  and  across 
the  grain;  also  the  ultimate  tensile  and  compressive  strengths  of 
cast  iron. 

6.  Make  a  sketch  of  a  beam  20  feet  long  resting  on  end 
supports,  and  represent  loads  of  G,000,  3,000,  1,000,  and  4,000 
pounds  at  points  2,  5,  11,  and  16  feet  from  the  left  end,  respect- 
ively. What  is  the  value  and  sign  of  the  moment  of  each  of  these 
loads  about  the  middle  of  the  beam  ?     Also  about  the  left  end  ? 

7.  A  beam  15  feet  long  is  supported  at  two  points,  2  feet 
from  the  right  end,  and  3  feet  from  the  left  end.  If  the  beam 
sustains  a  uniform  load  of  400  pounds  per  foot,  what  are  the 
values  of  the  reactions? 

8.  Compute  the  values  of  the  external  shear  and  bending 
moment  for  the  loaded  beam  described  in  question  6,  at  sections 
1   4,  10,  and  15  feet  from  the  left  end. 

9.  Draw  shear  and  moment  diagrams  to  scale  for  the  beam 
described  in  question  7. 

10.  Suppose  a  T-bar  2  inches  deep,  has  a  flange  3  inches 
wide,  and  is  ^  inch  thick  throughout.  Locate  the  center  of  gravity 
by  computation. 
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11.  Cut  a  piece  of  stiff  paper  to  the  dimensions  given  in  the 
preceding  question,  locate  its  center  of  gravity  by  balancing,  and 
state  its  distance  from  the  base  as  you  find  it  by  this  method. 

12.  Draw  a  1-inch,  a  2-inch,  and  a  3-inch  square  touching 
each  other,  so  that  the  2-inch  rests  on  the  3-inch  square,  and  the 
1-inch  on  the  2-inch  square,  three  of  the  sides  being  in  the  same 
line.  How  far  from  the  bottom  and  the  side  is  the  center  of 
gravity  of  the  three  squares  ? 

13.  Compute  the  moment  of  inertia  of  a  rectangle  2  X  16 
inches  with  respect  to  its  long  side. 

14.  A  square  stick  of  red  oak  timber  is  to  carry  a  com- 
pressive load  of  15,000  pounds.  What  should  be  its  size  in  order 
that  the  unit-stress  may  be  one-half  the  ultimate  strength  along 
the  grain  ? 

15.  A  pressed  brick  2  X  4:  X  8§  inches  weighs  about  5^ 
pounds.  What  will  be  the  height  of  a  pile  of  brick,  so  that 
the  unit-stress  on  the  lower  brick  shall  be  one-half  its  ultimate 
strength  ?  Use  8,000  pounds  as  the  ultimate  strength  of  the 
pressed  brick. 

10.  From  the  diagram  shown  on  page  11,  determine  the 
elastic  limit  of  wrought  iron,  in  tension. 

17.  A  wroucrht-iron  rod  2  inches  in  diameter  sustains  a 
load  of  50,000  pounds.  What  is  its  working  stress  ?  If  its  ulti- 
mate strength  is  60,000  pounds  per  squai-e  inch,  find  its  factor 
of  safety. 

18.  A  wrought-iron  bar  3  inches  in  diameter  ruptures  under 
.  a  tension  of  200,000  pounds.    What  is  its  ultimate  strength  ? 

19.  Find  the  diameter  of  a  cast-iron  bar  designed  to  carry  a 
tension  of  250,000  pounds  with  a  factor  of  safety  of  6.  If  the  bar 
were  of  wrought  iron,  what  would  be  its  diameter  ? 

20.  A  wrought-iron  bar  is  to  be  under  a  stress  of  50,000 
pounds.  Find  its  diameter  when  it  is  to  be  used  in  a  building; 
also  when  it  is  to  be  used  in  a  bridgre. 

21.  Find  the  greatest  steady  load  a  short  timber  post  can 
sustain  with  safety,  when  it  is  8  X  8  inches  in  cross-section  and  its 
ultimate  compressive  strength  is  10,000  pounds  per  square  inch. 

22.  A  wrought-iron  bolt  1|  inches  in  diameter  has  a  head 
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IJ  inches  long.  If  a  tension  of  15,000  pounds  is  applied  to  the 
bolt,  find  the  tensile  unit-stress  and  the  factor  of  safety  for  ten- 
sion. Also  find  the  unit-stress  tending  to  shear  off  the  head  of 
the  bolt,  and  the  factor  of  safety  against  shear, 

23.  Find  the  reactions  due  to  the  loads  in  Fig.  9,  when  the 
beam  is  supported  at  its  ends,  and  the  loads  are  2,000,  5,000,  and 
3,000  pounds  respectively. 

24.  Compute  the  shear  for  sections  one  foot  apart  in  the 
beam  represented  in  Fig.  9,  taking  into  consideration  the  weight 
of  the  beam,  500  pounds,  and  a  distributed  load  of  400  pounds 
per  foot,  in  addition  to  the  loads  as  shown  in  Fig.  9. 

25.  Construct  the  shear  diagram  for  the  cantilever  beam 
loaded  as  shown  in  Fig.  15,  when  the  weight  of  the  beam  is  600 
pounds,  and  the  beam  sustains  a  uniform  load  of  300  pounds 
per  foot. 

26.  A  cantilever  beam  has  a  load  of  800  pounds  at  its  end 
and  is  also  uniformly  loaded  with  125  pounds  per  linear  foot;  its 
length  is  5  feet.  Compute  the  bending  moments  for  five  sections 
one  foot  apart,  and  construct  the  diagram  of  bending  moments. 

27.  A  deck  beam  used  in  building  has  a  rectangular  flange 
3  inches  X  i  inch;  a  rectangular  web  4  inches  X  A  inch;  and  an 
elliptical  head  which  is  1^  inches  in  depth,  and  whose  area  is  2.6 
square  inches.  Find  the  distance  of  the  center  of  gravity  from 
the  top  of  the  head. 

28.  Compute  the  moment  of  inertia  of  a  steel  I-beam  weigh- 
ing 60  pounds  per  linear  foot,  it  being  20  inches  deep,  with  flange 


5  inches  wide,  and  mean  thickness  §  inch.     The  web  is  |  inch 
thick  and  has  a  moment  of  inertia  of  446  inches. 
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ON     THE      S  TJ  B  J  E  O  T     OF 

STRENGTH   OF   MATERIALS, 

PART    II. 


1.  A  cantilever  beam  6  feet  in  length  projects  from  a  wall 
and  sustains  an  end  load  of  300  pounds.  The  cross-section  being 
as  in  Fig.  38,  find  the  greatest  tensile  and  compressive  unit- 
stresses,  and  state  where  they  occur. 

2.  An  I-beam  weighing  30  pounds  per  foot,  rests  on  end 
supports  25  feet  apart.  Its  section  modulus  is  20.4  inches',  and 
its  working  strength  16,000  pounds  per  square  inch.  Calculate 
weight  of  the  beam. 

8.  A  wooden  beam  15  feet  long,  4  X  14  inches  in  cross- 
eection  sustains  a  load  of  4,000  pounds  5  feet  from  one  end,  and 
5,000  pounds  at  the  middle.  Compute  the  greatest  unit  shearing 
stress. 

4.  What  do  you  know  about  radius  of  gyration?  Give  an 
example. 

5.  Find  the  factor  of  safety  of  a  24-inch  80-pound  eteel  I- 
beam  15  feet  long,  used  as  a  flat-ended  column  to  sustain  a  load 
of  150,000  pounds.     Note. — Use  "Rarkine's  Formula." 

6.  A  steel  Z-bar  is  20  feet  long  an.A  has  square  ends;  tha 
least  radius  of  gyration  of  its  cross-section  :s  3.1  inches,  and  its 
area  of  cross-section  is  24.5  square  inches.  Calculate  the  safe  load 
with  a  factor  of  safety  of  6.     Kote.     Use  "Rankine's  Formula." 

7.  Make  sketches  of  the  following  : 

Lap  joint  single-riveted; 

"        "     double -rive  ted; 
Butt    "     single-riveted; 

"        "     double-riveted. 

8.  The  ends  of  a  cast-iron  rod  2  inches  in  diameter  are 
secured  to  two  heavy  bodies  which  are  to  be  drawn  together,  the 
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temperature  of  the  rod  being  300  degrees  when  fastened  to  the 
objects.  A  fall  of  125  degrees  has  no  effect  on  the  objects.  Com- 
pute the  temperature  stress,  and  state  the  pull  exerted  by  the  rod 
on  each  object. 

y.  Two  half-inch  plates  6  inches  wide  are  connected  by  a  lap 
joint  with  three  ^-inch  rivets  in  a  row.  What  is  the  safe  strencrth 
of  the  joint  ? 

10.  A  timber  beam  G  X  l-t  inches  and  20  feet  long;  rests  on 
end  supports  and  sustains  two  loads  of  3,000  pounds  each  five  feet 
from  the  ends.  Compute  the  values  of  the  greatest  unit-tension, 
compression,  and  shear  in  the  beam. 

11.  A  20-pound  7-inch  I-beam  12  feet  long  is  used  as  a 
cantilever  beam  supported  in  the  middle.  If  its  working  strength 
is  10,000  pounds  per  square  inch,  find  the  greatest  safe  load  that 
can  be  hung  at  each  end  considering  the  weight  of  the  beam. 

12.  Compute  the  safe  middle  load  for  a  25-pound  10-inch 
I-beam  20  feet  long,  resting  on  end  supports,  if  its  working  strength 
is  16,000  pounds  per  square  inch.  Consider. the  weight  of  the  beam. 

13.  The  width  of  the  flanges  of  an  IS -pound  8 -inch  I-beam 
is  4  inches.  Compare  the  strengths  of  such  a  beam  when  used 
(1)  with  its  web  vertical  (Fig.  21j,  and  (2)  when  its  web  is  hori- 
i^ontal. 

11.  A  bar  of  steel  1x0  inches  in  section  and  24  feet  long 
is  used  as  a  beam  on  end  supports,  its  load  being  2,000  pounds 
uniformly  distributed,  and  it  also  sustains  end  pulls  of  20,000 
pounds.  Compute  the  greatest  unit-tensile  and  compressive 
stresses  in  the  bar  by  approximate  methods.     (See  Art.  71.) 

15.  A  timber  beam  G  X  12  inches  and  20  feet  long  on  end 
sup])orts  bears  a  itniform  load  of  3,000  pounds,  and  end  pushes  of 
15,000  pounds.  Compute  the  greatest  unit-tensile  and  compress- 
ive stresses  in  the  timber  by  approximate  methods.    (See  Art.  75.) 

IG.  Answer  the  two  preceding  questions  by  the  exact  meth- 
ods of  Art.  7G. 

17.  Two  I-beams  (instead  of  channels)  are  fastened  together 
as  represented  in  Fig.  4G,  Z*,  to  make  a  column.  They  are  40- 
pound  12-inch  beams,  the  plates  are  |  inch  thick  and  IG  inches 
wide;  and  from  center  to  center  of  the  webs  of  the  beams  is  10 
inches.     Compute  the  radii  of  gyration  of  the  column  section  with 
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respect  to  two  axes  through  the  center  of  gravity  parallel  and  per- 
pendicular to  the  \rebs. 

18.  Compute  the  safe  loads  for  two  white  pine  columns  16  X 16 
and  8x8  'iches,  each  14  feet  long,  using  a  factor  of  safety  of  6. 

19.  What  size  of  white  oak  column  IG  feet  long  is  needed  to 
carry  a  load  of  10,000  pounds  with  a  factor  of  safety  of  5  ?  "What 
size  of  steel  I-beam  will  carry  the  same  load  if  the  ends  of  the  col- 
umn are  flat?  Note.— Solve  for  r,  and  use  table  C. 

20.  Compute  the  size  of  a  circular,  hollow,  cast-iron  column 
to  carry  a  load  of  150,000  pounds  with  a  factor  of  safety  of  10,  its 
length  being  18  feet  and  its  ends  flat.  Note.  Use  "Rankine's 
Formula,"  and  try  an  outside  diameter  of  10  inches. 

21.  If  a  solid  shaft  4  inches  in  diameter  is  subjected  to  a 
twisting  moment  of  1,000  foot-pounds,  compute  the  greatest  unit- 
shearing  stress  in  the  shaft. 

22.  Compute  the  number  of  horse-power  -which  a  steel  shaft 
6  inches  in  diameter  can  safely  transmit  at  200  revolutions  per 
minute,  if  its  working  'Strength  in  shear  is  10,000  pounds  per 
square  inch. 

23.  What  size  of  circular  shaft  is  needed  to  transmit  1,000 
horse-power  at  100  revolutions  per  minute,  if  the  working  strength 
of  the  material  in  shear  is  12,000  pounds  per  square  inch? 

24.  How  much  will  a  round  steel  rod,  1  inch  in  diameter 
and  20  feet  long,  elongate  under  a  pull  of  10,000  pounds  ? 

25.  Compute  the  deflection  of  a  15-pound  7-inch  I-beam 
10  feet  long,  when  resting  on  end  supports  and  sustaining  a  uniform 
load  of  5,000  pounds. 

26.  Two  bars  of  the  same  size,  one  of  wrought  iron  and  one 
of  cast  iron,  rest  on  end  supports  and  sustain  equal  central  loads 
which  are  ''  safe  "  in  each.  case.  Which  beam  deflects  most,  and 
what  is  the  ratio  of  the  deflection? 

27.  A  bar  of  wrought  iron  10  feet  long  will  shorten  how 
many  inches  during  a  drop  of  40  degrees  Fahrenheit  in  its  tem- 
perature ? 

28.  If  the  bar  of  the  preceding  question  is  restrained  and 
prevented  from  shortening,  what  unit-stress  is  produced  in  it  by  the 
drop  in  temperature  ? 
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1.  Define  concurrent  and  non-concurrent  forces,  equilibrant 
and  resultant. 

2.  What  do  you  understand  by  the  "  Triangle  law  ? " 

3.  Determine  the  magnitude  and  direction  of  the  resultant 
of  the  400-  and  800-pound  forces  of  Fig.  47, 

4.  Compute  the  magnitude  and  direction  of  the   resultant 
of  the  600-  and  700-pound  forces  of  Fig.  47. 


eoolba. 


4oolbs. 


,1 


/Soolbs. 


5oolb3.7oolbs. 


9oolbs.  Soolbs. 


Fig.  47. 

5.  Determine  the  values  of  the  horizontal  and  vertical  com- 
ponents  of  the  700-pound  force  of  Fig.  47. 

6.  Determine  the  magnitude  and  direction  of  the  resultant 
of  the  four  forces  acting  through  the  center  of  Fig.  47  ;  also  of 
their  equilibrant. 

7.  Compute  the  resultant  of  the  four  parallel  forces  repre- 
sented in  Fig.  47. 

8.  Find  the  resultant  of  the  300-,  400-,  500-,  and  800- 
pound  forces  of  Fig.  47. 

9.  Suppose  that  the  truss  of  Fig.  48  is  one  of  several  used 
to  support  a  roof,  the  trusses  being  16  feet  apart.     What  is   the 
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probable  weio-ht  of  each  ?     What  is  the  total  roof  load  borne  by 
each  truss  if  the  roofing  weighs  18  pounds  per  sq.  foot? 

10.  What  is  the  total  snow  load  for  the  truss  if  the  snow 
weighs  20  pounds  per  square  foot  (horizontal)  ? 

11.  Compute  the  total  wind  load  for  the  truss  of  Question 
9,  when  the  wind  blows  75  miles  per  hour. 

12.  Supposing  that  the  right  end  of  the  truss  of  Fig.  48 
rests  on  rollers,  and  that  the  left  end  is  fastened  to  its  support, 
compute  the  values  of  the  reactions  {a)  when  the  wind  blows  on  the 
left ;  (h)  when  it  blows  on  the  right,  90  miles  per  hour. 


^ 55' ^ 

Upper  joints    cquaJly  dist6>Tjt  a-paj-t. 

Fig.  48. 

13.  Construct  stress  diagram  for  the  truss  of  Fig.  48  for  the 
following  cases: 

(a)  When  sustaining  dead  load  only  as  computed  in  answer 
to  Question  9. 

(h)  When  sustaining  wind  pressure  on  the  left,  the  truss 
being  supported  as  described  in  Question  12. 

((?)  When  sustaining  wind  pressure  on  the  right,  the  truss 
being  supported  as  described  in  Question  12. 

14.  Make  a  complete  record  of  the  stresses  as  determined  in 
answer  to  the  preceding  question  for  cases  a,  h  and  c,  and  for 
snow  load  as  computed  in  answer  to  Question  10.  Compute  from 
the  record  the  value  of  the  greatest  stress  which  can  come  upon 
each  member  due  to  combinations  of  loads,  assuming  that  the 
wind  and  snow  loads  will  not  act  at  the  same  time. 

15.  Suppose  that  the  truss  of  Fig.  49  is  one  of  several  used 
to  support  a  roof,  the  trusses  being  12  feet  apart.  What  is  the 
probable  weight  of  a  truss  and  that  of  the  roofing  supported  by 
one  truss,  if  the  roofing  weighs  15  pounds  per  square  foot  ? 

16.  Compute  the  apex  loads  for  the  truss  of  Fig,  49  for 
snow  if  it  weighs  20  pounds  per  square  foot  (horizontal). 
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1.  Name  and  describe  the  three  classes  of  roof  trusses,  and 
give  a  sketch  of  one  truss  of  each  class. 

2.  Give  a  sketch  of  the  Fink  truss  and  the  Modified  Fink 
truss. 

3.  Given  TF  =  f  al  (1  +  — ),  compute  the  dead  panel  load 

of  an  eight-panel  Fink  truss  of  SO-foot  span,  if  the  distances  between 
trusses  is  20  feet  and  the  roof  covering  is  composed  of  corrugated  steel. 

4.  Tell  how  a  felt  and  asphalt  roof  is  made  and  laid. 

5.  What  is  a  non-condensation  roofing? 

6.  Design  the  purlins  if  they  are  to  be  spaced  6  feet  apart 
and  the  trusses  are  to  be  spaced  16  feet  apart.  They  are  to  carry  40 
pounds  per  square  foot  of  roof  surface. 

7.  Write  one  page  on  the  economical  pitch  and  spacing  of  roof 
trusses. 

8.  If  the  trusses  are  of  SO-foot  span  and  are  spaced  20  feet 
center  to  center,  and  are  eight-panel  Fink,  compute  the  stresses  in  the 
knee-braces  if  they  join  the  columns  8  feet  from  the  top.  The 
columns  are  25  feet  long;  the  normal  w^ind  pressure  on  the  roof  is  12 
pounds;  the  pitch  of  the  roof  is  \;  the  normal  wind  pressure  on  the 
side  of  the  building  is  25  pounds;  and  the  columns  are  considered  free. 

9.  In  the  trusses  of  question  8,  above,  compute  the  bending 
moment  in  the  posts. 

10.     If  in  question  8,  above,  the  girts  are  placed  4  feet  apart, 
design  them. 
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10  000  pounds  which  acts  12  inches  from  the  face  of  the  column, 
design  the  section  of  the  cohunn  if  it  consists  of  four  angles  and 
a  plate. 

12.  A  compression  member  of  a  roof  truss  consists  of  two 
angles  placed  j  inch,  back  to  back,  and  has  a  stress  of  35  000  pounds. 
Design  the  member  if  it  is  6  feet  long. 

13.  If  the  member  of  question  12,  above,  is  a  tension  member, 
design  it, 

14.  If  the  connection  plates  are  j  inch  thick,  determine  the 
number  of  f-inch  rivets  required  for  the  connections  of  the  member 
in  question  12,  above. 

15.  INIake  a  sketch  showing  two  details  of  the  end  of  a  roof 
truss. 

16.  IIow  is  the  cost  of  structural  steel  determined. 

17.  If  the  maximum  wheel  reaction  is  19  000  pounds,  and  the 
wheel  base  is  9  feet,  design  the  runway  girder  if  the  trusses  are  16  feet 
apart. 

18.  If  the  maximum  wheel  reaction  is  40  000  pounds,  and  the 
wheel  base  is  10  feet,  design  the  runway  girder  if  the  trusses  are  16 
feet  apart. 

19.  Determine  the  rivet  spacing  in  the  second  division  of  the 
runway  girder  of  question  IS,  above,  if  h^  is  30  inches. 

20.  Make  a  sketch  giving  two  gable  details,  and  state  the  sizes 
of  gutters  and  conductors. 

21.  State  the  different  classes  of  floors  employed  in  mill  build- 
ings, and  give  a  sketch  of  two  classes. 
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1.  What  is  the  difference  between  a  hinge  and  a  hiittf 

2.  What  hardware  attachments  are  desirable  when  outside 
window  bhnds  are  used? 

3.  What  is  the  difference  between  a  lock,  a  latch,  and  a  holtf 
How  is  a  latch  sometimes  made  to  serve  the  purpose  of  a  lock?  What 
is  a  dead  holtf 

4.  What  is  the  difference  between  a  right-hand  and  a  left- 
hand  door? 

5.  How  are  door  knobs  prevented  from  getting  loose? 

6  What  is  meant  by  jiiish  hardware?  Give  instances  of  its 
use.     Illustrate,  if  possible,  witli  diagrams. 

7.  What  are  the  essential  features  of  a  good  type  of  escutcheon? 

8.  Write  a  brief  historical  sketch  of  the  development  of  the 
common  nail. 

9.  Describe  the  different  kinds  of  nails  now  in  common  use, 
noting  their  relative  advantages  for  different  kinds  of  work  and  the 
precautions  that  should  be  taken  in  driving  them. 

10.  Describe  the  two  main  classes  of  locks,  with  a  diagram 
illustrating  each. 

11.  If  you  were  asked  to  inspect  the  window-sash  hardware  in 
an  up-to-date  modern  dwelling-house,  make  out  a  list  of  the  items 
you  would  look  for. 

12.  In  joming  woodwork,  what  method  is  sometimes  adopted 
to  overcome  the  effects  of  shrinking  and  swelling? 

13.  Discuss,  giving  diagrams,  the  possibility  of  the  artistic  use 
of  strap  hinges  and  tee-hinges. 

14.  Describe  the  different  classes  of  door  butts,  and  compare 
their  advantages. 
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